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The available data on the inelastic scattering of fast neutrons are interpreted in terms of: (1) a 
detailed theory, developed in this paper, for the excitation of individual levels of the target nucleus, 
applicable when only a few levels of the target nucleus are involved (i.e., incident neutron energy 
only a few times the low lying level spacing of the target nucleus); or (2) the statistical theory of 
Weisskopf, applicable when the incident neutron energy is very much greater than the level spacing 
of the target nucleus (very many levels involved). The data of the Los Alamos group on the scat- 
tering of 1.5- and 3-Mev neutrons by Fe, W, and Pb indicate that Fe requires the first type of inter- 
pretation, W the second; Pb seems to be more similar to Fe than to W. The level system proposed by 
Elliott and Deutsch on the basis of 6-decay measurements is sufficient to explain the Fe data. The 
average spacing of the lowest W levels is derived to be approximately 80 kev. The large apparent 
level spacing of Pb is consistent with the stability of nuclei containing the “magic number” of 82 


protons or 126 neutrons. 





I. INTRODUCTION 


HE interaction of neutrons with atomic nuclei 

has been extensively investigated over a wide 
range of neutron energies. The accumulated data, 
in terms of cross sections for the various possible 
reactions, have recently been reviewed by Gold- 
smith, Ibser, and Feld.! No inelastic scattering data 
were included in that compilation since ‘‘inelastic 
scattering measurements are in general not adap- 
table to graphical representation of cross section 
vs. neutron energy ... because of the complex 
nature of the inelastic scattering process and the 
strong dependence of the measured cross section on 
the experimental arrangement (especially on the 
energy sensitivity of the detector).”’ ? 

The difficulty of interpreting experiments on 
inelastic scattering arises from the fact that for a 
given (single) incident neutron energy the emergent 
scattered neutrons have a heterogeneous energy 
distribution. If there are only a few energy levels 


* This report includes work performed during the summer 
of 1948 for the M.I.T. Lexington Project, under contract 
with the AEC. The latter t goer'e were supported in part by 
a joint use of the ONR and AEC. 

1H. H. Goldsmith, H. W. Ibser, and B. T. Feld, Rev. 
Mod. Phys. 19, 259 (1947). 

* Reference 1, p. 289. 


of the target nucleus between the ground level and 
the incident neutron energy, the emitted neutrons 
will have a line spectrum, each line corresponding 
to neutron emission (scattering) in which the 
product nucleus is left in one of its excited states; 
a detector with good energy resolution will then 
detect separate neutron groups. 

However, the line spectrum will be ‘‘washed-out”’ 
if either the energy levels of the target nucleus are 
not distinct, but overlap, or the resolution of the 
detector is not good enough to distinguish the 
separate neutron groups. In this case, the energy 
distribution of the scattered neutrons will appear as 
a continuous spectrum. Obviously, the observed 
spectrum of inelastically scattered neutrons de- 
pends critically on the energy sensitivity of the 
neutron detector. 

Furthermore, the energy distribution of the scat- 
tered neutrons is sensitively dependent on the 
incident neutron energy. Hence, if the neutron 
source has a heterogeneous energy distribution, the 
distribution of scattered neutrons will—even with a 
detector of perfect energy resolution—be very dif- 
ficult to interpret in terms of the level structure of 
the target nucleus. 

Most measurements of inelastic scattering have 
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involved either heteorgeneous neutron sources, or 
detectors with poor energy resolution, or both.? In 
most of these experiments the detectors were of the 
“threshold” type—i.e., sensitive only to neutrons 
above a certain (usually not very sharply defined) 
energy. In interpreting such experiments, the term 
inelastic scattering is used, somewhat loosely, to 
mean any scattering process which degrades the 
neutron energy by an amount sufficient to render 
it incapable of producing the ‘‘threshold”’ reaction. 
Since such experiments will not detect scatterings 
in which the source neutrons, while losing some 
energy, still remain above the threshold, and since 
the energy dependence of the threshold reaction is 
usually not well known above the threshold and 
seldom taken into account, and since the presence 
of elastic scattering seriously complicates the inter- 
pretation of such experiments,’ it is usually impos- 
sible to derive from them information concerning 
details of the level structure of the target nucleus. 

There have been considerably fewer experiments 
in which the neutron source was monoenergetic and 
the energy distribution of the inelastically scattered 
neutrons was observed with a detector of reasonably 
good resolution. Dunlap and Little,* using a D—D 
source of ~2.5-Mev neutrons, observed the dis- 
tribution of proton recoils in a hydrogen-filled 
cloud chamber irradiated by the neutrons emerging 
from a lead scatterer. More recently, Barshall et a/.,5 
have investigated the inelastically scattered neu- 
trons from a variety of elements for a number of 
incident neutron energies; as a detector, they em- 
ployed proton recoils in a proportional counter. 

It is the purpose of this paper to indicate how 
such experiments may be used to obtain detailed 
information on the level structure of nuclei, and to 
derive such information from the existing experi- 
mental data. 


II. THEORY 


The general features of the energy dependence 
of the cross sections for absorption and scattering 
of neutrons have been discussed by Feshbach, 
Peaslee, and Weisskopf.* While for incident neutrons 
in the slow neutron energy range, the cross sections 
are characterized by sharp resonances corresponding 
to distinct energy levels of the compund nucleus, 
at higher neutron energies the cross-sectional 
behavior is smooth, decreasing monotonically 
toward the value 27a? for neutrons of wave-length 


3 See, for instance, L. Szilard, S. Bernstein, B. Feld, and 
J. Ashkin, Phys. Rev. 73, 1307 (1948). 

4H. F. Dunlap and R. N. Little, Phys. Rev. 60, 693 (1941). 

5 H. H. Barschall, M. E. Battat, W. C. Bright, E. R. Graves, 
T. Jorgensen, and J. H. Manley, Phys. Rev. 72, 881 (1947); 
H. H. Barschall, J. H. Manley, and V. F. Weisskopf, Phys. 
Rev. 72, 875 (1947). 

®H. Feshbach, D. C. Peaslee, and V. F. Weisskopf, Phys. 
Rev. 71, 145 (1947) henceforth referred to as FPW. 
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small compared to a, the nuclear radius.’ Roughly 
half of the total cross section for fast neutrons cor- 
responds to neutron capture with the formation of 
a compound nucleus; the remainder is associated 
with the process of ‘‘shadow scattering,’ analogous 
to the diffraction of a plane wave by a spherical 
obstacle. Shadow or diffraction scattering is elastic, 
and is confined to within small angles, of the order 
X/a (X is the neutron’s Dirac wave-length), with 
the incident direction.*® ne 
Because the process of shadow scattering does not 
involve capture of the incident neutron into a 
compound nucleus, it must be distinguished from 
that part of the elastic scattering which does. Ex- 
perimentally, the two processes can be separated, 
at high incident neutron energies, because of the 
difference in the angular distributions of the scat- 
tered neutrons resulting from the two types of 
elastic scattering. Actually, the two scattering 
processes are not completely independent, for they 
are coherent and, therefore, result in interference 
effects. However, for convenience, the interference 
effects will be included in the shadow scattering 
term of the cross section. That portion of the elastic 
scattering cross section which involves the forma- 
tion of a compound nucleus, and which would be 
present even if there were no shadow scattering, 
will henceforth be called capture elastic scattering. 
Elastic scattering, used without a preceding modi- 
fier, includes both capture and shadow scattering. 
The cross section. for the capture of the incident 
neutron, wa? at high neutron energies, is shared 
among all the reactions which are energetically 
possible; these may include (mn, p), (m, a), (n, 7), 
(n, fission), (m, 2m), inelastic scattering, capture 
elastic scattering, etc. In the range of neutron 
energies between 0.1 and 5 Mev, for all but the 
lightest and the heaviest nuclei, only the scattering 
processes are of appreciable importance. 
Fundamentally, inelastic and capture elastic 
scattering are two aspects of the same process, 
differing only in the state in which the product 
nucleus is left after the neutron emission. In the 
latter case, the product nucleus is left in the ground 
state and the neutron is emitted with its incident 
energy (minus that given up as recoil energy to the 
nucleus in order to conserve momentum); in the 
case of inelastic scattering, the product nucleus is 
left in an excited state, and the emitted neutron has 
an energy equal to the incident energy minus the 
excitation energy of the level of the product nucleus 
involved (less the recoil energy of the nucleus). 
The product nucleus, left in an excited state as a 


7 See reference 6, p. 157, Fig. 5. 

8E, Amaldi, D. Bocciarelli, B. N. Cacciapuoti, and G. C. 
Trabacchi, Report of an International Conference on Funda- 
mental Particles and Low Temperatures (The Physical Society, 
London, 1947), Vol. 1, p. 97. 






























































result of inelastic scattering, usually emits the 
excitation energy as one or more gamma-rays. From 
the energies and numbers of these gamma-rays, it 
should be possible to derive considerable informa- 
tion concerning the level structure of the target 
(product) nucleus and the relative cross sections 
for the excitation of the various levels. Gamma-rays 
resulting from inelastic scattering have been ob- 


‘served; this invéstigation will, however, confine 


itself to the interpretation of measurements on the 
inelastically scattered neutrons.°® 

For incident neutrons of energy less than the 
first excited level of the target nucleus, only 
elastic scattering is possible. As soon as the incident 
energy exceeds the excitation energy of the first 
level, inelastic scattering competes with capture 
elastic scattering. 

It is important to note that not all of the levels 
of the target nucleus will be excited necessarily as a 
result of inelastic scattering. For a level to be 
excited it is necessary that its angular momentum 
and parity properties be such as to permit the 
required transitions. 

The process of inelastic scattering is a two-step 
process : First, the incident neutron is captured into 
one of the levels of the compound nucleus. The 
excited compound nucleus then decays, by neutron 
emission, to a level of the target (product) nucleus. 
Since inelastic scattering occurs only for fast neu- 
trons, the levels of the compound nucleus at the 
excitation energy (incident neutron energy plus the 
neutron binding energy) will be closely spaced (even 
overlapping) compared to the energy spread of the 
incident neutrons, so that many levels will be 
available for excitation. Furthermore, a beam of 
incident neutrons contains states of orbital angular 
momentum 0 </ <a/X, so that it is possible to induce 
transitions from the ground state of the target 
nucleus to many levels of the compound nucleus. 
Finally, since the emitted neutrons also can carry 
away orbital angular momentum, if they have suf- 
ficient energy, transitions from the excited com- 
pound nucleus to a given level of the product 
nucleus will almost always be possible. (See Ap- 
pendix.) 

The foregoing discussion indicates that a study 
of the angular distributions of the various groups 
of inelastically scattered neutrons would be dif- 
ficult to interpret unambiguously in terms of the 
angular momentum properties of the corresponding 
levels of the target nucleus. There is, as yet, no 


_ * The available date on the gamma-rays associated with 
inelastic scattering are not sufficiently accurate or detailed to 
permit interpretation in terms of the level structure of the 
target nucleus. See, for instance, D. E. Lea, Proc. Roy. Soc. 
A150, 637 (1935); H. Aoki, Proc. Phys. Math. Soc. Jap. 19, 
369 (1935); G. T. Seaborg, G. E. Gibson, and D. C. Grahame, 
Phys. Rev. 52, 408 (1937), : 
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experimental information on this aspect of inelastic 
scattering. : 


1. Excitation of Few Levels 


The values of the total cross sections o; of a. 
variety of elements have been measured in the fast 
neutron region.! A theoretical expression for o; as 
a function of the incident neutron energy has been 
derived by FPW, Eq. (50), and Fig. 5. 

Of particular interest to this discussion is that 
fraction of the total cross section which involves the 
formation of a compound nucleus. A theoretical 
expression for this cross section, henceforth denoted 
by o-, may be obtained from the expressions im- 
mediately preceding Eq. (49) in FPW, by omitting 
the diffraction scattering term, ~,-. For our pur- 
poses, it is sufficient to note that 


(1) 


where ¢ is a small factor which decreases mono- 
tonically with increasing neutron energy, approach- 
ing 0 for Xa. 

When the incident neutron energy is sufficient to 
excite a number of levels of the target nucleus, the 
cross section for the formation of the compound 
nucleus can be written 


o.= Lisi, (2) 


where the subscript refers to a scattering in which 
the product nucleus is left in the 7th state.’ 

In general, it is necessary to consider separately 
the components of the cross section corresponding 


o-=3o.=(1+€)za?, 





Oi/oe —> 


r Oz 











Fic. 1. Cross sections, o:, for the excitation of the low-lying 
levels of the target nucleus as a function the incident neutron 
energy, Eo. o- is the cross section for the formation of a 
compound nucleus (neutron capture). The distance between 
levels is assumed constant and equal to D. Further assump- 
tions are: 

(1) S-scattering (J=0) only; 
(2) T;=C(Eo— E;)! with C constant and equal for all levels. 


10 The first term in Eq. (2), oo, refers only to capture elastic 
scattering. 
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TaBLE I. Cross sections for the scattering of neutrons of 
initial energy E» to below the (threshold) energy E,; data of 
the Los Alamos group (see reference 5). 
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to the emission of neutrons in different states of 
orbital angular momentum, /. In the following dis- 
cussion, we shall, for simplicity, assume emission 
in the S-state, /=0, only. The extension to take into 
account states of />0 is discussed in the Appendix. 
The cross section for the excitation of a given 
state (7) of the target nucleus may be written 


o;=o,J',/T, (3) 


where I is the total width for neutron emission by 
the compound nucleus (/ divided by the mean life 
of the compound nucleus) 


P=Motlit---=27:, (4) 


and I; is the partial width for neutron emission 
resulting in a product nucleus in the ith state. 
By the conservation of energy, 


r;=0, for £o< Ey. (5) 


(Eo is the incident neuteron energy, E; the energy 
of the ith level.) At energies greater than the 7th 
excitation energy, the theory of FPW [Eq. (46) ] 
gives!! 


T;= C(Eo—E,)}. (6) 


The variation of C; from level to level is not very 
great as long as the transition to the ith level is 
quantum-mechanically allowed. The magnitude of 
C; decreases slowly with increasing Eo, since it is 
proportional to the mean level spacing of the com- 
pound nucleus at the excitation energy resulting 
from the capture of the incident neutron. : 
The dependence of o; on the incident neutron 
energy follows from Eqs. (3) through (6). Starting 
from zero at the threshold, Ey)= E,, the cross section 


4 Qn our assumption of /=0 scattering only, |v;|?=1, 
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rises rapidly, proportional to (E)—£;)? since, for 
E,y—E:«Eo, T increases only slowly with Eo. As IT; 
starts to contribute significantly to T, (Ey —Ei~E), 
the increase of o;, becomes less rapid. Finally, as 
higher levels contribute successively to I, o; starts 
to fall off. At large values of Eo, where many levels 


- are excited, the value of each o; becomes quite 


small, while 2,0;—7a?’. 

Figure 1 shows the energy dependence of o; for 
small i, based on the assumptions of uniform level 
spacing, D, in the product nucleus, constancy of C;, 
and S-scattering only. . 

In applying the above considerations to the case 
where the incident neutron energy is only sufficient 
to excite a few levels of the product nucleus, it is, 
of course, necessary to take into account the exact 
positions of the levels and the variation in C; from 
level to level. While this has not been done in 
deriving Fig. 1, such details can easily be taken into 
account, if known, in Eq. (6). 

On the other hand, the possibility of emission of 
neutrons in states of higher angular momentum has 
been neglected in the computation of the cross 
sections shown in Fig. 1. As discussed in the Ap- 
pendix, it is possible to take these into account, 
although the theory then becomes more involved 
and the computations correspondingly laborious. 
In particular, as the wave-length of the emitted 
neutrons becomes much smaller than the nuclear 
radius, many values of 1>0 become important, and 
an accurate theory must take them all into account. 

Thus, for incident neutrons of energy great 
enough to excite many levels of the target nucleus, 
the analysis becomes rather complicated. Further- 
more, it now becomes important to take into 
account the variation (decrease) of level spacing, 
both in the product and the compound nucleus, and 
the resulting decrease of C;, with increasing neutron 
energy. 


2. Statistical Theory for Many Level Excitation 


When many levels can be excited, a measurement 
of the énergy distribution of the emitted neutrons 
no longer will display separate groups but will, 
rather, result in a smooth distribution, ranging from 
zero energy up to the energy of the incident neutron. 
The shape of the distribution in energy of the 
inelastically scattered neutrons can be qualitatively 
deduced as follows: Because the level spacing is 
expected to decrease exponentially with increasing 
excitation energy, there are comparatively more 
levels available for the emission of low energy 
neutrons. On the other hand, I; is greater for the 
low lying levels, because of its dependence on the 
energy of the emitted neutron, resulting in a greater 
probability, per level, for the emission. of faster 
neutrons, The net effect of these two conflicting 
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tendencies is that the spectrum of inelastically scat- 
tered neutrons will be peaked at some energy inter- 
mediate between zero and the incident energy. 

Weisskopf” has developed a theory applicable to 
the inelastic scattering of neutrons of energy, large, 
compared to the level spacing of the target nucleus, 
using quantum-statistical-mechanical considera- 
tions to derive the dependence of level spacing on 
the excitation energy. According to Weisskopf’s 
statistical theory, the distribution of inelastically 
scattered neutrons is given by: 


do(E, Eo) =0.(E/T*)e-®'TdE, (7) 


where do(E, Eo) is the cross section for the scatter- 
ing of incident neutrons of energy Ep into the energy 
between E and E+dE, and T is a parameter, 
analogous to a temperature, of the excited target 
nucleus, 


T=(DE»)'. (8) 


In Eq. (8), D is the average level spacing of the 
lowest levels of the target nucleus. Eqs. (7) and (8) 
apply when T<Eo. 

Thus, for incident neutrons of energy Eo>D, 
the inelastically scattered neutrons have a Maxwell- 
type energy distribution, which can be predicted if 
D is known. Conversely, a measurement of the 
energy distribution of the scattered neutrons can be 
used to infer D, since the average energy of the 
Maxwell distribution is 


E=2T=2(DE))}. * (9) 


Recently, Bradt and Tendam!* have compared 
the cross sections for the (a, ”) and (a, 2m) reac- 
tions in Rh! and Ag!, The results of their experi- 
ments are in excellent agreement with the pre- 
dictions of the statistical theory. 

The evidence, to be discussed, on the inelastic 
scattering of fast neutrons by tungsten, provides 
further confirmation of the applicability of the 
statistical theory to the emission of neutrons from 
highly excited nuclei. 


Ill. EXPERIMENTAL EVIDENCE 


The most extensive series of inelastic scattering 
measurements, using monoenergetic neutron sources, 
is due to the Los Alamos group.® They detected the 
neutrons scattered from various substances by ob- 
serving proton recoils in a proportional counter. By 
varying the ‘“‘bias” of the detector so that only 
proton recoils of energy greater than a predeter- 
mined threshold value were counted, they obtained 
a rough measure of the energy distribution of the 
inelastically scattered neutrons. 


2V. Weisskopf, Phys. Rev. 52, 295 (1937). 
(1949), L. Bradt and D. J. Tendam, Phys. Rev, 72, 1117 
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Their results, for the three elements for which 
they consider them most reliable, are summarized 
in Table I. The values of E;, given in the third 
column, correspond to the proportional counter 
bias settings at which the measurements were made. 
From the response curves for the proportional 
counter used,'* it is evident that the effective 
threshold of the detector is somewhat greater than 
the bias energy—the more so the greater the bias 
energy. For the purposes of the following discussion, 
it will be assumed that the detector thresholds are 
sharp and equal to the values of E; in Table I. 

The values of o;, given in the table were obtained 
as differences between the total scattering cross 
section and the cross section as measured by the 
detector with the bias energy E;. In computing 
these differences, the observed angular dependence 
of the elastically scattered neutrons was taken into 
account. The inelastically scattered neutrons were 
assumed to have a spherically symmetrical angular 
distribution. The values in the table are uncertain 
by ~0.1 barn. 

In the last column of Table I, values of xa?, com- 
puted on the assumption 


a=1.5A?X10-* cm, 


have been included. 

These data are used to obtain a rough energy 
distribution for the inelastically scattered neutrons, 
as follows: For a given incident energy Ey and 
threshold energy E:, cin (as given in Table I) is, 


Et 


oin( Ez, Ey)= f “do(E, Eo) = N(E, E,)dE, (10) 


0 


where N(E, Eo) =0.(E/T?)e-¥'7, from Eq. (7). The 
average value of N(E, Eo) over an interval between 
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Fic. 2. Observed energy distribution of inelastically scat- 
tered neutrons from iron. The experimental results are due 
to the Los Alamos group.® The distributions have been plotted 
as constant over the energy range between two adjacent 
thresholds. 


4 Reference 5, Fig. 4, 
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Fic. 3. Energy dependence of the cross sections for the 
excitation of the first three levels of iron. The crosses are 
deduced from Table I, assuming only one level in each bias 
interval. The solid curves are computed on the basis of the 
simple theory, assuming S-scattering only and equal C for all 
three levels. The level energies are assumed to be those 
deduced by Elliott and Deutsch from 6-decay experiments. 


two threshold values E,’>E:, is given by 


E;’ 


N(E, Ey)dE 


E;’ 
iy dE 
Et 


Et 





N= 





Cin(Ey’, Eo) —oin(E:, Eo) 
rs 


(11) 


1. Interpretation of the Fe Data 


The energy distributions corresponding to the 
data of Table I are shown in Fig. 2. It is immedi- 
ately evident that these data could not be fitted by 
the statistical theory, for either of the two incident 
neutron energies, without assuming a rather large 
value of T. The data for E>=3 Mev, for instance, 
would require a 7~1.5 Mev. This value would lead 
to a level spacing, assuming a Maxwell distribution 
(Eq. (8)), of D~0.75 Mev. Such a large level 
spacing means that only a few levels are available 
at the incident energies involved; in this case, the 
statistical theory is not applicable. 

It is, therefore, necessary fo consider the effects 
of individual energy levels. While the resolution of 
the experimental data is certainly not good enough 
to yield definite energy values for the levels in- 
volved, a certain amount of useful information can 
be inferred, as follows: The Eo=1.5 Mev data 
indicate that there is at least one level in the 


energy range 0.55—1.1 Mev, and that there are no 
levels in the range 1.1-1.5 Mev. Assuming this to 
indicate a level spacing >0.4 Mev, it is reasonable 
to infer that the entire inelastic scattering for 
E y=1.5 Mev is probably due to a single level, 
E,~0.55-1.1 Mev, with a cross section o1(Z»= 1.5) 
=0.6 barn. The data at Ey=3 Mev indicate one 
or more levels in the following ranges: 0.75—1.5 
Mev, 1.5—2.25 Mev, 2.25-3.0 Mev. Combining the 
information at the two incident energies, the 
position of the first level becomes E,~0.75-1.1 
Mev. Assuming roughly uniform spacing of the 
low lying levels, it becomes reasonable to conclude 
that the intervals 1.5—2.25 Mev and 2.25-3.0 Mev 
contain just one level each. We are thus led to the 
following level assignments: 


E,-~0.75-1.1 Mev, 
E.=~1.5-2.25 Mev, 
E3o~2.25-3.0 Mev. 


The above conclusions are the best that can 
reasonably be drawn from the inelastic scattering 
data. There are, fortunately, other data available 
on the levels of the Fe nuclei. From a study of the 
disintegration schemes of Mn** and Co*, Elliott and 
Deutsch!® have deduced the following level struc- 
ture for Fe®* (91.6 percent abundant)**: 


E,=0.85 Mev, 
E,=2.1 Mev, 
P;=2.6 Mev, * 
E,=3.0 Mev. 


Although it is by no means certain that the levels 
observed in beta-disintegration are in every instance 
those involved in inelastic scattering, the close cor- 
respondence between the results of the two methods 
makes it at least plausible to assume that they are 
the same. In the following analysis of the inelastic 
scattering data, the level scheme of Elliott and 
Deutsch has been adopted. 

In Fig. 3, the measured cross sections for the 
excitation of these levels (plotted as crosses), as 
deduced from the data of Table I, are compared 
with the predictions of the simple theory described 
in the preceding section. The value of o, has been 
assumed constant and equal to 1.5 barns; this is 
approximately half of the observed total cross 
section at these energies.! The discontinuities in the 
slopes of the theoretical cross section curves have 
been arbitrarily smoothed out in the drawing. 

Since the theory assumed (1) S-wave scattering 
only, (2) constancy of the value of C; from level to 
level, and (3) independence of C; on Eo, and since 
the experimentally deduced values of o; are uncer- 


15. G. Elliott and M. Deutsch, Phys. Rev. 64, 321 (1943). 
** They also find a level in Fe®® (0.3 percent) at 0.81 Mev; 
Phys. Rev, 65, 211 (1944). 
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tain by ~0.1 barn, the agreement is certainly as 
good as could be anticipated. 


2. Interpretation of the W Data 


Figure 4 shows the energy distribution of the 
inelastically scattered neutrons as deduced from the 
data in Table I. Comparison with the data on Fe 
(Fig. 2) indicates the presence of many more low 
energy neutrons for W a characteristic of the pre- 
dictions of the statistical theory. 

The evidence from #-decay indicates that the 
lowest levels of the W nuclei are rather closely 
spaced (~100 kev).!® Further evidence is provided 
by the experiments of Greisen e¢ al.,!” which were 
designed to observe the inelastic scattering due to 
the lowest levels. These experiments indicated the 
presence of a number of low lying levels, the lowest 
at ~55 kev. 

It, therefore, appears to be reasonable to attempt 
an analysis of the data, plotted as histograms in 
Fig. 4, on the basis of the statistical theory. The 
smooth curves of Fig. 4 are obtained, from Eq. (7), 
by the following procedure: (a) the average energy, 
E, for the observed Eo=3-Mev distribution, is 
~0.85 Mev. To take into account the (unmeasured) 
interval 2.25-3.0 Mev, the dotted section has been 
added in Fig. 4a; including this interval, H=1 Mev. 
(b) from Eq. (9), T=3H&O.5 Mev, at Eo=3 Mev. 
(c) from Table I, oin(3 Mev) =2.8 barns. Increasing 
this value by the area under the dotted portion of 
the curve (0.2 barn) and assuming negligible 
capture elastic scattering, in accordance with the 
statistical theory, o-(3 Mev) =3.0 barns. This value 
and the above value of T=0.5 Mev have been used 
to compute the smooth curve in Fig. 4a from Eq. 
(7). (d) Applying Eq. (8) to the above, D=83 kev, 
in reasonable agreement with expectation. Using 
this value of D, Eq. (8) gives T=0.35 Mev for 
Eo=1.5 Mev. (e) at Eo=1.5 Mev, the energy range 
0.9-1.5 Mev probably includes a greater fraction 
of o;, than the unmeasured interval in the previous 
case. To obtain o,(1.5 Mev) we make the reasonable 
assumption that o,/o; is constant between 1.5 and 3 
Mev. Since o;(1.5 Mev) =6.3 barns, o:(3 Mev) =5.7 
barns, and o.(3 Mev)=3.0 barns, this gives 
o-(1.5 Mev) =3.3 barns. The measured cross section 
for scattering to below 0.9 Mev is 2.1 barns. The 
unobserved portion (1.2 barns) is plotted as the 
broken part of the histogram in Fig. 4b. The above 
o- and T=0.35 Mev were used in computing the 
smooth curve of Fig. 4b from Eq. (7). 

At both incident energies, the agreement between 
the statistical theory and the observed energy dis- 
tribution is reasonably good. 


16 See, for instance, C. L. Peacock and R. G. Wilkinson, 
Phys. Rev. 74, 297 (1948). 
17K, I. Greisen, MDDC-1545, U. S. AEC publication. 
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3. Interpretation of the Pb Data 


The energy distributions, from the data of Table 
I, are plotted in Fig. 5. Comparison of Fig. 5 with 
Figs. 2 (Fe) and 4 (W) reveals some similarity to 
both. While the Ey=3 Mev data show the same 
general trend—decrease of N(E£) with increasing E 
—as the data for W, the effect is considerably less 
pronounced, and the mean energy (>1 Mev) is 
intermediate between the Fe and W values. For the 
Ey=1.5 Mev data, on the other hand, the absence 
of neutrons scattered in the region 0-0.4 Mev 
(energy loss 1.1-1.5 Mev) is, similar to Fe, a very 
strong indication that we are dealing with scat- 
tering involving only a few energy levels rather 
than with the type of distribution resulting from 
many levels and described by the statistical theory. 

The value of the measured inelastic scattering 
cross section adds additional plausibility to the con- 
clusion that only a few levels of Pb are involved 
in the scattering of neutrons of energies up to 3 
Mev. Even allowing a liberal addition for the 
(unobserved) 2.25-3 Mev range, oin for Eo=3 Mev 
could hardly be greater than ~2 barns; the ob- 
served total cross section at this energy is ~5.5 
barns,! of which at least wa?=2.5 barns should 
belong to o,. Thus, a significant fraction of ¢, must 


correspond to capture elastic scattering. Appreci- 


able capture elastic scattering is possible only when 
few levels of the target nucleus are involved. 

Proceeding by the same method that was used 
in the interpretation of the Fe data, we obtain the 
results summarized in Table II. 

Unfortunately, there is no other experimental 
information available, on the low lying levels of the 
Pb nuclei, to guide the interpretation beyond this 
point. The picture is further complicated by the 
fact that normal Pb consists mainly of three iso- 
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Fic. 4. Energy distribution of inelastically scattered neu- 
trons from tungsten. The experimental curves, from Table I, 
are plotted as histograms. The smooth curves are derived 
from the statistical theory. 





BERNARD T. FELD 





























- 
[oJ 





E.=|5Mev 

















1 4 1 rn 
0s 10 [k} 20 
E(Mev) 





Fic. 5. Energy distribution of inelastically scattered neutrons 
from lead, from the data in Table I. 


topes, roughly half at A=208 (82 protons, 126 
neutrons), the other half approximately equally 
divided between A =207 and A =206. Thus, while 
the level spacing of each isotope may be large (say, 
similar to Fe), the observed effect is a result of the 
superposition of the effects of the three isotopes; 
it is, therefore, easily possible that more than one 
level (isotope) is involved in some of the energy 
regions shown in Table II. 

The data of Dunlap and Little‘ are in essential 
agreement with the above. They measured (with 
rather poor resolution) the energy distribution of 
Ey&2.5 Mev neutrons scattered by Pb. While their 
distribution curve could not be fitted by the statis- 
tical theory (as expected if the level spacing is 
large), it showed a definite peak at E~1.7 Mev 
(a level at ~0.8 Mev, see Table II) and a rather 
flat distribution below this peak, a natural con- 
sequence of poor resolution and a number of levels. 
Their measured cross section, oin(2.5 Mev) =1.3 
+0.5 barns, is in excellent agreement with the Los 
Alamos results. — 


IV. SUMMARY AND DISCUSSION 


In the preceding section the experiments of the 
Los Alamos group have been interpreted in terms 
of the theory described in Section II. Two extremes 
have been observed. In the first, exemplified in the 
inelastic scattering of iron, only a few levels of the 
target nucleus are involved at the incident neutron 
energies studied; the energy distribution of the 
inelastically scattered neutrons should then show a 
line spectrum, each line corresponding to the excita- 
tion of a level of the target nucleus. The experi- 
mental evidence is consistent with such a descrip- 
tion and with the level scheme suggested by Elliott 
and Deutsch, as well as with the predictions of the 
theory concerning the cross sections for the excita- 
tion of the various levels. 

The second extreme is illustrated by the data on 
the inelastic scattering by tungsten. In this case, 
very many levels of the target nucleus are involved 
in the inelastic scattering of neutrons at the energies 
investigated. The statistical theory of Weisskopf 


has been used in the interpretation of these data, 
An average spacing of the lowest energy levels of 
tungsten has been deduced (~80 kev) which is in 
agreement with other data. 

In the third element considered, lead, the inter- 
pretation is less unambiguous. However, the evi- 
dence seems to support the conclusion that the 
behavior of lead, with respect to inelastic scattering, 
is more similar to that of iron than tungsten. The 
difficulty of interpretation in terms of a specific 
level scheme is, at least in part, associated with the 
fact that there are four lead isotopes, three of which 
have appreciable and comparable abundance. 

It has been pointed out!* that nuclei containing 
20, 50, 82, or 126 protons or neutrons are abnor. 
mally stable, compared to neighboring nuclei. This 
stability has been interpreted as evidence that these 
combinations of nucleons form tightly bound closed 
shells. With regard to their interaction with neu- 
trons, such ‘“‘magic number”’ nuclei may be expected 
to behave anomalously in two respects: (1) A 
nucleus containing a closed shell of neutrons should 
have an abnormally small binding energy corre- 
sponding to the absorption of an additional neutron. 
(2) A nucleus containing a “magic number’’ of 
neutrons, or of protons, or of both should exhibit 
a comparatively larger level spacing than neigh- 
boring nuclei, since the tightly bound nucleons in 
the closed shells are not expected to participate 
freely in the general sharing of excitation energy 
among the nucleons, . 

These consequences of the closed shell hypothesis 
are capable of explaining the abnormally small 
neutron absorption cross sections and the absence 
of slow neutron resonances observed for Sn(Z = 50), 
Pb(Z=82), and Bi(Z=83, A—Z=126).!® Small 
neutron absorption and the absence of resonances 
are both a consequence of a large level spacing of the 
compound nucleus at the excitation energy resulting 
from the capture of a neutron. Since the Sn iso- 
topes, of which there are ten, are not in the region 
of a closed shell of neutrons, the large level spacing 
in this case is likely a consequence of the closed 
shell of protons in the compound nucleus. The same 


TABLE II. Interpretation of the Pb data in terms of 
individual levels. 
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18 W. Elsasser, J. de phys. et rad. 5, 389 and 625 (1934); 
M. G. Mayer, Phys. Rev. 74, 235 (1948). 
19 Reference 1, p. 280. 





























































is probably true of the Pb isotopes, especially since 
one of the abundant isotopes (A =207) lacks one 
neutron for a closed shell, and therefore should have 
a rather large binding energy corresponding to the 
absorption of a neutron. Bi?, on the other hand, 
already contains a closed shell of neutrons; the 
binding energy of an additional neutron should 
therefore be abnormally small. Hence, the excita- 
tion energy of the compound nucleus, resulting 
from the absorption of a neutron, will be small, and 
the level spacing of the compound nucleus, at this 
excitation energy, correspondingly large. 

The interpretation of inelastic scattering data, on 
the other hand, involves the low lying level spacing 
of the target nucleus. The data discussed in this 
paper, as well as other data® on the cross sections 
for the inelastic scattering of fast neutrons by Pb 
and Bi, provide evidence for anomalously large 
level spacings of the stable nuclei of these elements. 
Thus, these data add further confirmation to the 
hypothesis that 82 protons or 126 neutrons form 
particularly stable configurations (shells) in nuclei. 

The author would like to express his appreciation 
to many of his colleagues, especially to Professor 
V. F. Weisskopf and Dr. I. Halpern, for stimulating 
discussions and criticism of this manuscript. 


APPENDIX 


In the section on theory, the cross section for the excitation 
of a given level of the target nucleus has been computed on the 
assumption that neutrons are emitted from the compound 
nucleus in the S-state (/=0) only. The possibility of absorption 
of neutrons in higher angular momentum states was taken 
into account, since the cross section for the formation of the 
compound nucleus, oc, is assumed to include all possible 
modes of formation. For a complete description of the inelastic 
scattering process it is, however, also necessary to take into 
account the possibility that the emitted neutron can carry 
away angular momentum. 

At the excitation energies (Eo plus the neutron binding 
energy) of interest in this discussion, the energy levels of the 
compound nucleus are very close, or overlapping. Further- 
more, the fast neutron sources available have a rather large 
energy spread compared to the level spacings involved. Thus, 
on the average, the absorption of an incident fast neutron 
will result in the excitation of many levels of the compound 
nucleus. 

The excited levels will also have a spread of angular mo- 
menta, since incident neutrons of wave-length X will appre- 
ciably excite all the available levels (of the compound nucleus) 
whose angular momenta do not differ from that of the ground 
state (of the target nucleus) by more than ~a/X units. 

The probability (width) for the decay of the compound 


INELASTIC SCATTERING OF FAST NEUTRONS 





1123 





nucleus, to the ith state of the product nucleus, by the emission 
of a neutron with / units of orbital angular momentum is 
obtained from FPW, Eq. (46): 
Ty = Cy(Eo— Ey) #(1/| 042 |*), (Al) 
where 
vit =01(%i), (A2) 
Xi =a/X;. (A3) 


In the above, X; is the Dirac wave-length of the emitted 
neutron. The values of C;; are proportional to the average 
distance between those excited levels of the compound nucleus 
which can decay to the ith state by the emission of a neutron 
carrying / units of orbital angular momentum. Expressions for 
v, are given in FPW, Eqs. (44) and (45a). The cross sections, 
oi, are now obtained from Eqs. (3) and (4) of the text, and 
the relationship 

Py=2, (+1)T wu. (A4) 


For levels of the target nucleus differing in angular mo- 
mentum from the ground state by an amount small compared 
to a/X (in units of h), the values of C;; will not differ much 
from level to level. Furthermore, since the wave-length of the 
emitted neutrons is never less than that of the incident neu- 
trons, it follows that if the emission of neutrons of orbital 
angular momentum / is energetically possible (|v;:|~1) there 
will be no lack of appropriate excited levels of the compound 
nucleus from which such emission can take place. For such 
levels, the inelastic scattering may be termed ‘‘allowed.” 

For levels of the target nucleus differing in angular mo- 
mentum from the ground level by an amount large compared 
to a/X, the values of I’;; will be small ascompared to the previous 
case. This conclusion follows from the fact that the angular 
momenta of the excited states of the compound nucleus differ 
considerably from that of the level under consideration; hence, 
the decay must involve the emission of neutrons of high 
orbital angular momentum, which is improbable for small 
a/X;:(a/X;i <a/X, always). For such levels, the inelastic scat- 
tering is “forbidden.” 

From the above arguments, it is clear that there is no sharp 
transition between allowed and forbidden levels in inelastic 
scattering. Those levels for which the angular momentum 
difference from the ground level is ~a/X will comprise an 
intermediate group, neither fully allowed nor fully forbidden. 
Furthermore, a level which is forbidden at low incident 
neutron energies may be allowed at high energies, because of 
the increase of a/X. For such levels, the inelastic scattering 
cross section behavior is quite complicated. 

For the allowed levels, the more exact theory differs from 
that developed in the text because of the energy dependence 
of the factors v;:. The |v;2|? are smoothly varying functions 
of x;, decreasing from the value ~ for x;=0 to 1 for very 
large x; (except for |vjo| =1). Thus, for x;,>1 it is necessary 
to take into account many values of / in computing o;, or in 
deriving the energy distribution of the inelastically scattered 
neutrons by statistical methods. 

At the other extreme, x:X1, |v;:|?~x;-*4. In this case, 
T';:~0 for all 1 >0, and it is only necessary to take into account 
emission in the S-state (J=0). Thus, the simple theory dis- 
cussed in the text should adequately describe the shape of the 
energy dependence of o; close to the threshold, Eo>E;j. 
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The total.cross sections of Be, O, Na, and Ca were investigated as a function of neutron energy 
in ranges between 30 and 1000 kev with a resolving power of approximately 20 kev. In Be a resonance 
was observed at 625 kev, presumably caused by p-neutrons. The resonance in O at 440 kev is probably 
due to p-neutrons forming a compound nucleus of spin 3. In Na and Ca numerous peaks were found. 
The cross section of Ca has values below 1.5 barns over a considerable range of energies. 





INTRODUCTION 


N previous experiments'? carried out at this 
laboratory, an attempt was made to obtain 
information regarding the spacing of nuclear energy 
levels by measuring total neutron cross sections as 
a function of energy. It was found that in nuclei as 
heavy as nickel, the effect of individual levels could 
be observed with a resolving power of 20 kev. In 
the present measurements other nuclei were studied 
with the aim of filling in the gaps between elements 
previously investigated. In addition, it appeared 
desirable to try to obtain more detailed information 
on the character of the resonances in light nuclei. 


EXPERIMENTAL 


The procedure for measuring total cross sections 
as a function of neutron energy was the same as 
that described in reference 1. Neutrons were ob- 
tained by bombarding a lithium target of about 
13-kev stopping power by protons. The energy of 
the neutrons was calculated using the value of 
1.882 Mev obtained by Herb, Snowdon, and Sala’ 
for the threshold of the Li(p,m) reaction. The 
geometry used in the experiments is shown in Fig. 1. 
Cross sections were obtained by measuring the 
transmission of the neutrons. through a circular 
. disk, assuming an exponential decrease of neutron 
intensity in the sample. 
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Fic. 1. Geometry used in scattering experiments. 
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For each element investigated, one curve showing 
the cross section as a function of neutron energy 
will be presented. In all cases, however, more than 
one measurement was carried out in each energy 
range, and the manner in which the solid curves are 
drawn through the experimental points was in- 
fluenced by the reproducibility of the observed 
fluctuations in cross section. The vertical height of 
the symbols used to represent experimental results 
shows the standard statistical error of the measure- 
ment. Changes in symbols used indicate a lapse of 
time between measurements. 


BERYLLIUM 


The total cross section of beryllium has been 
measured at several energies between 20 kev and 
900 kev.4-® Allen et a/.® find that the cross section 
between 350 and 550 kev is higher than that found 
by earlier investigators*~* at both lower and higher 
energies, and they conclude that there is evidence 
for a resonance around 500 kev. This conclusion is, 
however, not convincing, if their measurements are 
compared with the more recent results of Fields 
et al.,? since both of these measurements taken 
together give a smooth variation of cross section 
with energy between 20 and 900 kev.® In view of 
the importance of beryllium as a moderator it 
seemed desirable to clear up the question of the 
existence of resonances in this energy range. The 
sample of beryllium used was a disk of metallic 
beryllium, ?” thick, containing 0.0859 x 10% atoms/ 
cm*. The disk was manufactured by the Brush 
Beryllium Corporation. 

The results of the measurements are shown in 
Fig. 2. The total cross section of beryllium appears 
to be a smooth function of the energy in the energy 
range between 25 and 750 kev except for a resonance 
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which occurs at 625 kev. At this energy the cross 
section reaches 7 barns; the measured width of the 
peak at half maximum is 35 kev, which is almost 
twice the experimental resolving power. 

According to the Breit-Wigner theory of nuclear 
resonances, the maximum value which the cross 
section can reach at the peak of an isolated scat- 
tering resonance is given by 


Om = 2ek-?(2J+1)/(2I+1), bs 


where & is the wave number of the incident neutron, 
J the spin of the compound nucleus, and J the spin 
of the bombarded nucleus. This value of a» will be 
attained only if the width for absorption and 
inelastic scattering is small compared to the total 
width. This condition probably obtains for beryl- 
lium. According to the measurements of Hughes 
et al.,!° the absorption cross sections for fast neu- 
trons are very small compared to the total cross 
sections for light elements. The results of Aoki! 
combined with those of Nonaka! show that the 
cross section of beryllium for inelastic scattering is 
less than 0.1 barns even for 2.5-Mev neutrons. 
Taking the spin of Be® as #," the theoretical 
maximum of the total cross section is given by 
dnk-?(2J+1) or for beryllium at 625 kev, on =0.64 
X(2J+1) barns. If one assumes that the observed 
resonance is due to neutrons of zero orbital angular 
momentum, the maximum contribution to the 
total cross section by neutrons forming a compound 
nucleus of one unit of angular momentum is 1.9 
barns, while for /=2 it is 3.2 barns. Even if one 
makes the very unlikely assumption that reso- 
nances for the two possible values of the spin of the 
compound nucleus occur at the same energy, the 
theoretical maximum is still considerably below the 
observed peak cross section, indicating that the 
resonance cannot be caused by s-neutrons. This 
conclusion is corroborated by the shape of the 
resonance. One would expect that the peak should 
be preceded by a region of decreased cross section 
if there is appreciable interference between poten- 
tial and resonance scattering. At energies in the 
neighborhood of this resonance the potential scat- 
tering is almost entirely s-scattering. Consequently, 
the fact that no decrease in cross section was ob- 
served in any of the runs, supports the belief that 
the resonance is caused by neutrons of at least one 
unit of angular momentum. In this case, inter- 
ference between resonance and potential scat- 
tering should not be observable, and the contribu- 
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Fic. 2. The total cross section of beryllium as a function of 
neutron energy. 


tion of the resonance scattering is only that above 
the potential scattering, i.e., approximately 3.7 
barns. Assuming a Gaussian resolution function 
with a width at half maximum of 20 kev, the 
natural height of the resonance is 22 percent 
greater than that observed, giving a value of 4.5 
barns. For a spin of the compound nucleus of 2 the 
theoretical maximum is 3.2 barns, while for J=3, 
om=4.5. Therefore, the value J=3 appears most 
likely to be applicable. While the experiment does 
not give any direct information about the orbital 
angular momentum of the incident neutrons, it does 
not seem likely that a. resonance as wide as the 
observed one would be caused by neutrons of more 
than one unit of angular momentum, since the 
neutron width at this energy is expected to be 
thirty times smaller for /=2 than for /=1 (Eq. 
45(a) of reference 14). 

The measurements agree fairly well with the 
results of Allen e¢ al.§ and with those of Fields e¢ al.” 
except for the value of Fields at 620 kev. This dis- 
agreement may be due to the uncertainty in the 
energy determination of the La-Be photo-neutron 
source, which is given by Wattenberg’ as +70 kev. 
The theoretical work by Schlégl'* predicts a vari- 
ation of cross section with energy which is quali- 
tatively in agreement with the present results, but 
this theory does not give information regarding the 
position of resonances. 


OXYGEN 


Extensive measurements of the total cross 
section of oxygen have been published.” !7—!* All the 
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Fic. 3. The total cross section of oxygen as a function of 
neutron energy. 
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results agree in showing a resonance around 450 
kev, but below this energy the spacing in energy of 
the points is too great to preclude the existence of 
further resonances. In the present experiments it 
was hoped to obtain more definite information both 
about the low energy region and about the first 
resonance which was observed previously. 

The oxygen cross section was measured by com- 
paring the neutron intensity transmitted through a 
sample of beryllium oxide with that transmitted 
through metallic beryllium. The beryllium oxide 
sample contained as closely as possible the same 
number of beryllium atoms as the beryllium sample 
previously described. The beryllium oxide powder 
and the beryllium disk were placed in identical con- 
tainers, and the two containers were placed alter- 
nately between the neutron source and the detector. 
The ratio of the neutron intensities observed in the 
two cases was taken as the attenuation produced 
by the oxygen. Measurements were carried out only 
in the energy region below the first beryllium 
resonance. 

The cross section of oxygen as a function of 
neutron energy is shown in Fig. 3. No resonances 
were observed below the peak at 440 kev. At 440 
kev the cross section reaches 14 barns. The width 
of the peak at half maximum is about 45 kev which 
is more than twice the experimental resolving power. 
Using the fact that the spin of O'* is zero, the 
theoretical maximum cross section at 440 kev is 
given by om=3.35(2/+1) barns. The total cross 
section should actually reach this maximum value, 
as the absorption and inelastic scattering cross 
sections are small for oxygen.!%"! : 

As in the case of beryllium, the height of the 
maximum cannot be accounted for if the resonance 
is due to s-neutrons, since for s-neutrons J =} and 
om=6.7 barns. Further, the absence of a region of 
reduced cross section preceding the peak also 
indicates that neutrons of more than zero angular 
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mgmentum are responsible for the resonance. For 
J =% one obtains o» = 13.4 barns, which is sufficient 
to account for the experimental amplitude of the 
resonance. J=5/2 would give om=20.1 barns, 
which is considerably more than the observed value. 
The assignment of the peak to neutrons of more 
than one unit of angular momentum is rendered 
unlikely by its width. One is thus led to the con- 
clusion that the resonance is due to p-neutrons 
forming a compound nucleus of total angular 
momentum 3. 

A comparison of the present measurements with 
previous results” !’—!® shows fairly good agreement 
except for the height of the resonance at 440 kev. 
This difference is undoubtedly due to the some- 
what better resolving power and closer spacing in 
energy used in the present experiment. 


SODIUM 


While O'* shows only one resonance up to 600 kev, 
previous investigations! of the total cross section of 
Al*’ indicate the presence of at least eight resonances 
in this energy range. It was felt to be desirable, 
therefore, to study ‘the level defsity for a nucleus 
of intermediate weight. Sodium was chosen since it 
has only one stable isotope, Na?*. 

A circular disk of sodium, 1.5 in. thick, was cut 
out of a sodium brick and sealed in an air-tight 
container. The sample contained 0.093510 
atoms/cm’. The effect of the sodium was measured 
by comparing the transmission through the con- 
tainer enclosing the sodium with that through an 
identical empty container. 

The results of the measurements on sodium are 
shown in Fig. 4. Peaks appear at 60, 200, 235, 390, 
445, 710, 790, and 920 kev. In addition, there is an 
indication of a maximum at 340 kev. The observed 
widths of the peaks show strong fluctuations and 
several of the maxima are considerably wider than 
the experimental resolving power. A decision as to 
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whether this variation of width is due to different 
natural widths of the resonances or to the fact that 
not all the resonances were resolved will have to 
await a repetition of the measurements using 
better resolving power. 

The total cross section of sodium has previously 
been measured at some energies by Fields et al.,’ 
using photo-neutron sources. A comparison of 
these measurements with the present data is some- 
what difficult because of the uncertainty in the 
energy of the photo-neutrons. If this uncertainty 
is taken into account, the agreement between the 
results is very good. 


CALCIUM 


Evidence for the existence of closed shells in 
nuclei was recently summarized by M. G. Mayer.?° 
According to this theory, twenty neutrons or 
protons form a closed shell, and Ca*® is the best 
example of a closed shell nucleus. A nucleus of this 
type might be expected to behave in many respects 
like a light nucleus; in particular, the levels should 
be wide and show considerably greater separation 
than those of other nuclei of comparable weight. 
Since Ca*® has an isotopic abundance of 97 percent, 
measurements of the total cross section of calcium 
will give almost entirely the behavior of the Ca*® 
nucleus. 

The calcium sample used in the experiments was 
machined out of Ca metal and painted with glyptal 
to retard oxidation. Because of the low density of 
Ca metal it was necessary to make the sample 3.5” 
thick, since preliminary experiments indicated that 
the Ca cross section was unusually small. The sample 


20M. G. Mayer, Phys. Rev. 74, 235 (1948). 
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‘ contained 0.18710 atoms/cm*. The use of a 


scatterer of thickness comparable to the separation 
of source and detector introduces an uncertainty 
in the determination of the absolute cross section, 
since the correction for scattering into the detector 
cannot be determined accurately. 

The variation of the total cross section of cal- 
cium with energy is shown in Fig. 5. Maxima are 
indicated at energies of 150, 220, 255, 335, 440, and 
505 kev. A less clearly pronounced maximum 
appears at 185 kev. The frequency of occurrence 
of these maxima and their sharpness do not appear 
to be in agreement with the idea that Ca*® should 
exhibit a behavior similar to light nuclei. 

An interesting feature of the results is the small 
value of the calcium cross section over wide energy 
intervals. The cross section is 1.5 barns or less from 
30 to 120 kev and drops again to a similarly low 
value between resonances at higher energies. The 
cross sections of other elements of comparable or 
smaller mass for similar energies are usually two or 
three times greater. According to the measurements 
of Fields et al.,7 potassium also shows an abnormally 
K**, which has an isotopic 
abundance of 93 percent, contains the same number 
of neutrons as Ca*®. It is not clear, however, why a 
closed neutron shell would result in a particularly 
small neutron cross section. 
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The decay scheme of a 4.2-second neutron emitter has been investigated in detail. Chemical and 


physical evidence shows that it is N!’, which emits beta-rays to a broad excited state of O', which 
then breaks up into a neutron plus O!*, The energy spectrum of the neutrons is determined by mea- 
suring the energies of the O"* recoils in a proportional counter. The neutrons have a most probable 


energy of 0.9 Mev, a 


“half-width” of less than 0.5 Mev, and an upper limit of about 2 Mev. 6-recoil 


coincidences are observed, as predicted by the Bohr-Wheeler theory, and the §-ray energy is measured 
by absorption. The beta-rays in coincidence with neutrons have an upper limit of 3.7+0.2 Mev. 
Beta-rays directly to the ground state of O!7 are not observed because of high background effects, but 
should have an energy of 8.7 Mev. Some evidence is presented to show that energy is conserved in 
the 8-n transition through the broad excited state in O1. 


INTRODUCTION 


HORTLY after the discovery of fission, Roberts, 
Meyer, and Wang! reported that neutrons were 


1R. B. Roberts, R. C. Meyer, and P. Wang, Phys. Rev. 
55, 510 (1939). 





emitted from neutron-bombarded uranium, with a 
period of approximately 12 seconds. Later work? 
showed that 6 separate half-lives could be identified 


2D. J. Hughes, J. Dalbs, A. Cahn, and D. Hall, Phys. Rev. 
73, 111 (1948). 
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among the delayed neutron emitters. The accepted 
values of these periods in seconds are 55.6, 22.0, 
4.51, 1.52, 0.43, and 0.05. Bohr and Wheeler’ 
postulated the generally accepted theory that the 
neutron-active substances were actually exceedingly 
short-lived daughters in equilibrium with their 
beta-active parents. The measured periods then 
should be those of the parents. 

In the three cases where chemical identification 
of the neutron activity has been made,‘ a beta- 
active fission product of the same period was already 
known in the same element. This lent strong 
support to the Bohr-Wheeler hypothesis, but the 
experimental demonstration of B-n coincidences 
was lacking. 

E. O. Lawrence and co-workers' recently found a 
4.2-second neutron period among the light ele- 
ments, the first such activity reported outside the 
field of fission physics. The work described below 
was started as an attempt to identify the element 
responsible for the delay. The techniques developed 
for that purpose, however, led to the possibility of 
studying the decay scheme of the radioactive 
transformation in some detail. 


CHEMICAL IDENTIFICATION 


The 4.2-second period was found to be produced 
in greatest intensity by the reaction of deuterons 
on fluorine. Deuteron bombardment of elements 
beyond fluorine gave the same activity with smaller 
intensities. (The dependence of the yield on the 
isotopic properties of the bombarded element has 
been investigated in detail by Chupp and McMil- 
lan. It seemed reasonable to assume that the 
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Fic. 1. Experimental arrangement for chemical work. 


3 N. Bohr and J. A. Wheeler, Phys. Rev. 56, 426 (1939). 

4 A. H. Snell, J. S. Levinger, E. P. Meiners, M. B. Sampson, 
and R.G. Wilkinson, Phys. Rev. 72, 545 (1947). N. Sugarman, 
J. Chem. Phys. 15, 544 (1947). 

5K. Knable, E. O. Lawrence, C. E. Leith, B. J. Moyer, 
and R. L. Thornton, Phys. Rev. 74, 1217 (A) (1948). 

¢W. W. Chupp and E. M. McMillan, Phys. Rev. 74, 1217 
(A) (1948). 


LUIS W. ALVEREZ 


’ activity could be swept out of a fluoride solution by 


a gas stream, as it was probably C, O, or N. 

In the first test, NH,F in water solution was 
bombarded with 190-Mev deuterons. The external 
beam of the 184” cyclotron was used for this pur- 
pose. Helium was used as the carrier gas, and the 
neutron activity could be detected in a re-entrant 
BF; chamber ten meters from the bombarded 
solution. The activity was carried by the He 
stream, through a rubber tube, to the counter. The 
cyclotron was turned off after a twenty-second 
bombardment, and the number of neutron counts 
in a twenty-second interval was recorded as the 
“intensity.” 

To investigate the possibility that the 4.2-second 
period was carried as CO, or COs, the apparatus 
shown in Fig. 1 was used. Helium gas carrying the 
activity was passed through two tubes containing 
Ascarite, a commercially available COz absorber. 
After passing through hot CuO, to convert CO to 
CO., the gas stream entered two more Ascarite 
tubes before reaching the BF; chamber. The neutron 
intensity was the same as that recorded in the 
absence of the Ascarite. This gave a strong indica- 
tion that the activity was not carbon. 

To prove that tracer quantities of CO». were 
stopped in Ascarite, and tracer quantities of CO 
were oxidized to COz on hot CuO, the activities in 
the four Ascarite tubes were measured. Strong 
samples of C™ were found in Ascarite tubes I and 
III, and negligible C" was observed in tubes II and 
IV. This proves the efficacy of the system for 
stopping tracer amounts of carbon, and eliminates 
the possibility that the neutron delay could be 
attributable to a carbon isotope. 

A similar test was made for oxygen. The gas was 
passed over hot copper before entering the BF; 
chamber. No change in activity was observed, 
indicating that oxygen was not responsible for the 
delay. O', a radioactive isotope with 125-second 
half-life was used to check the efficiency of this 
system. The O" activity could be detected at the 
entrance end of the tube containing the hot copper, 
but not ‘at the exit end. In addition to the radio- 
active evidence, a black deposit of CuO could be 
seen at the entrance end, but not at the exit. The 
tank helium, used as the sweeping gas, contained 
enough oxygen impurity to give a macroscopic 
chemical check on the performance of the system. 

By the time these tests had been completed, 
others in the laboratory had shown by cross- 
bombardment that the active isotope responsible 
for the delay had 10 neutrons in its nucleus. The 
experimental evidence was that the 4.2-second 
period was found in F+ 9, but not in O+d, except 
a trace due to O"’. This eliminated the necessity of 
checking fluorine or neon as possible elements, since 
F!® and Ne” are stable. But neon had already been 
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ruled out when it was noted that the activity was 
held up in charcoal cooled to liquid air temperature, 
even though the 20-second Ne! passed through. 
The only gaseous substance which could carry the 
neutron activity was, therefore, nitrogen. The fact 
that it passed through active charcoal at room tem- 
perature, but not at 90°K lent strong support to 
this deduction. The conclusion, therefore, comes 
largely from a process of elimination, but it seems 
quite conclusive. The nuclear evidence supports it 
strongly and there is little question that even with- 
out any chemical work at all, the activity would 
have been assigned to N?’. (Dr. K.-H. Sun and 
associates at the University of Pittsburgh have 
recently observed the reaction C'4(a,p)N?7.) 


DIRECTION OF O'* RECOILS 


On the basis of the Bohr-Wheeler theory, N”’ is a 
beta-emitter of 4.2-second half-life, which decays 
to O'” in an excited state. The excited state has a 
mass greater than the sum of O'* plus a neutron, so 
the neutron is emitted before the excited O! can 
radiate a gamma-ray to the ground state of O. 
Presumably some of the beta-transitions are to the 
ground state of O!’, and so are not followed by 
neutron emission. If this picture is correct, the 
neutron and O'* nucleus should carry equal and 
opposite momenta when the O!"* splits apart. 
Preliminary and unpublished absorption measure- 
ments of the delayed neutrons, by Nag and Thorn- 
ton, had shown that the energies were of the order 
of 1 Mev. The O'* recoils should therefore carry 
away 7s Mev, or about 60 kev. These recoil nuclei 
would have enough energy to be observed in a 
proportional counter. If their energies could be 
measured, the energy distribution of the neutrons 
would be known. Such a method of neutron energy 
measurement has a great advantage over the usual 
proton recoil method, where a neutron “‘line”’ 
produces proton recoils with energies from zero to 
the neutron line energy. The proton energy spec- 
trum is flat between these limits. Therefore to 
deduce an original neutron spectrum, one has to 
differentiate the proton energy spectrum. (Cloud- 
chamber techniques eliminate this difficulty, but 
introduce others.) But in the case of the O"* recoils, 
the neutron energy is always 16 times the recoil 
energy, since the angle between the two particles 
is always 180°. Therefore, no differentiation of the 
recoil spectrum is necessary. Unfortunately, the 
method seems applicable only to delayed neutron 
emitters of high energy and low mass, the only 
known case of which is N!”. 

In the first experiments, a conventional copper- 
in-glass type Geiger counter was used. Two glass 
tubes were fitted to the glass cylinder, as inlet and 
outlet for the helium stream. The counter operated 
in the proportional region with a gas amplification 
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Fic. 2. Counter geometry. 


of from 50 to 200, when the applied potential was 
in the neighborhood of 1000 volts. Pulses were 
amplified in a conventional linear amplifier, and fed 
through a discriminator to a scaling circuit. When 
the NH,F solution was bombarded with 190-Mev 
deuterons, large pulses were observed in the pro- 
portional counter. They had a four-second period, 
as measured by a ‘“‘delay line” technique involving 
rubber tubes of different lengths, and were presum- 
ably the O'* recoils. Since these pulses were larger 
than any due to beta- or gamma-rays, it was pos- 
sible to observe them while the cyclotron was 
operating. All the work described in the remainder 
of this report was performed with the continuous 
flow method, during actual bombardment of the 
NH.F solution. Helium acted as both the sweeping 
and counting gas. 

A preliminary investigation of the pulse height 
distribution, using a differential discriminator, 
showed that neutrons of energy up to about 2 Mev 
were emitted by O'*. The number of pulses per 
unit energy interval was observed to increase. con- 
tinuously as the energy under investigation was 
lowered. This last result was reported at the 1948 
Washington meeting of the A.P.S. But it was soon 
found that at the lower discriminator settings, the 
proportional counter was also sensitive to electrons 
which fost a large amount of energy in traversing 
the length of the counter. When counters of smaller 
size were substituted for the original one, the pulse- 
size distribution was found to have a maximum in 
the neighborhood of 60 kev, indicating a maximum 
in the neutron distribution at about 1 Mev. The 
effect of electron pulses was also minimized by the 
coincidence technique described below. The most 
reliable neutron distributions were measured in 
coincidence with the §-rays, and will be described 
in the next section. (See Fig. 3.) 

It is interesting to note that the recoil counting 
rate through the differential discriminator was so 
high that the presence of the peak in the neutron 
distribution could be demonstrated aurally. A 
mechanical register connected to the terminals of a 
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Fic. 3. Neutron spectrum uncorrected for resolving power 
of analyzer. (Recent cloud-chamber work by Dr. Evans 
Hayward shows the peak and upper limit at the same neutron 
energies, but indicates that the peak has a full-width at half 
maximum of the order of only 0.2 Mev.) 


scale of 64 would produce ‘clicks’ at a rather 
uniform rate of several per second when the differ- 
ential discriminator was set to count recoils from 
1-Mev neutrons. As the bias control knob was 
turned to give either higher or lower voltage 
settings, the decrease in the rate of clicks was im- 
mediately apparent. One could ‘‘tune across the 
line,” and set on the peak merely by listening to the 
frequency of the mechanical register. 


RECOIL BETA-COINCIDENCE MEASUREMENTS 


Several attempts to detect the N!’ beta-rays 
were made in this laboratory, but no 4.2-second 
period was observed with ordinary counting tech- 
niques. So much N"*, of 8-second half-life is pro- 
duced at the same time as the N?’, that the 4.2- 
second period was always masked. Since no chemical 
separation would help, it was felt for some time 
that the N!’ beta-rays, as predicted by the Bohr- 
Wheeler theory, were unobservable. But the ob- 
servation of the O'* recoils made it possible to 
identify the N!’ beta-rays, in the strong back- 
ground, by coincidence techniques. The equipment 
shown in Fig. 2 was used for this purpose. A ring 
of six thin-walled, silvered-glass Geiger counters 
was placed around the thin copper-walled pro- 
portional counter which detected the O'* recoils. 
Coincident discharges of the two types of counter 
were observed. Absorption measurements on the 
beta-rays could be made by placing cylinders of 
aluminum around the proportional counter. (Figure 
5; ignore the dotted lines for the moment.) 

The system was calibrated in terms of the P® 
beta-rays, and a Feather analysis of the data gave 
an upper limit of the N'” beta-rays equal to 3.70.2 
Mev. The Feather plot was horizontal, giving the 
same value of the end point at all values of the 
absorber thickness, so the extrapolation may be 
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considered reliable. It should be pointed out that 
the beta-rays observed are only those from N"” 
to the excited state of O'. Those to the ground 
state of O!” are not accompanied by an O'* recoil, 
and so are not detectable by this technique. How- 
ever, their energy may be computed from other data. 

When the solid angle of beta-ray counters was 
computed, and the recoil beta-ray counting rate 
was corrected for this factor, it was found that 
within an uncertainty of about 10 percent, every 
recoil was accompanied by a beta-ray. This seems 
a rather convincing confirmation of the Bohr- 
Wheeler theory. 

The neutron distribution was remeasured in the 
coincidence technique, and the results are shown in 
Fig. 3. In order to make a large ionization pulse in 
the proportional counter, an electron must be 
directed axially. But in this case, it cannot be 
counted in one of the Geiger counters. It is for this 
reason that the neutron distribution curve can be 
carried to somewhat lower energies than without 
the coincidence technique. 

The proportional counter was calibrated in two 
ways, and the energy scale of the neutron dis- 
tribution was not significantly different in the two 
cases. In the first method, alpha-particles from a 
thick source were directed across the diameter of 
the counter from an external position. There is a 
maximum energy which an alpha-particle can lose 
in crossing the counter, which corresponds to a 
point on the range-~energy curve with minimum 
slope (maximum dE/dx). This energy loss is about 
ten times greater than the average recoil energy. 
Calibrated attenuators and a signal generator were 
used in a straightforward manner to give the 
energy corresponding to various pulse heights in the 
case of the recoils. The linearity of the amplifier 
was checked before and after each neutron dis- 
tribution run. Experiments were made with various 
gas multiplications, and some measurements were 
made using He from which the oxygen had been 
removed by passage through active charcoal at 
90°K. In the latter case, the counting voltage was 
dropped from the normal 1000 volts to 600. volts. 
The measured neutron spectrum was the same in all 
cases. Finally argon was used as the sweeping and 
counting gas, and the end point of the neutron 
spectrum was checked. The higher stopping power 
of argon made the electron counts larger, so nothing 
but the high energy portion of the curve could be 
measured. 

A number of workers have shown that under more 
conventional circumstances, very reliable energy 
distributions are obtainable, but there might be 
some doubt that a proportional counter operated 
under such unusual conditions would give reliable 
data. The calibration experiments with the present 
helium-filled counter show that it would be quite 
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impossible for the spectrum shown in Fig. 3 to 
have been observed if there were a sharp neutron 
line at 1 Mev. The alpha-particle experiment 
gave a sharp upper-limit energy-loss cut-off. That 
this cut-off was not in error by a factor of two 
could be shown by a comparison with the other 
method of calibration of the counter. This latter 
method was used in most of the work and was very 
convenient. 

A thin layer of Pu®®® was deposited on the central 
wire of the counter, through the courtesy of Dr. 
B. B. Cunningham. The strength was such as to 
give several hundred counts per minute. Since the 
layer was thin compared to the alpha-particle 
range, there was a certain minimum energy loss in 
the counter, which an a-particle could suffer. No 
alpha-particle could lose less energy than one which 
was directed radially away from the wire. This 
energy loss is easily calculable, and is fortunately 
just higher than the maximum O"* recoil energy. 
The energy scale of the recoil pulses could then be 


established by a calibration point involving a. 


minimum size alpha-particle pulse. Since the neu- 
tron spectra obtained with both methods of calibra- 
tion (maximum and minimum a-pulse size) agreed 
within 10 percent, it is safe to conclude that the 
proportional counter was giving pulses proportional 
to the energy released in the gas, in the usual 
manner. A further check on this point comes from 
recent cloud-chamber measurements of Dr. Evans 
Hayward, in this laboratory, who finds a neutron 
spectrum in general agreement with that reported 
here. Her work was done in a hydrogen-filled cloud 
chamber, and only those tracks within +30° of the 
forward direction were measured. The resulting 


neutron spectrum has a peak at 1 Mev, and extends - 


up to 2 Mev. However, the width of the peak at 
half maximum is only about 0.2 Mev. This is 
sharper than the line observed with the propor- 
tional counter, even when reasonable corrections for 
resolving power are made. The observed width in 
these experiments is 0.6 Mev, and from the energy 
width of the differential discriminator, one would 
correct that to approximately 0.4 Mev. It is 
apparent from Mrs. Hayward’s work, that the 
atmospheric helium counter is not as satisfactory 
as the Argon-Methane counter usually used for 
precision energy measurements. 


DISINTEGRATION SCHEME 


Figure 4 shows the proposed scheme for the disin- 
tegration of N!’. The rest energies of O!®, O!", and 
the neutron are known. The energies of the excited 
level in O!, and the ground state of N’ are deter- 
mined by the neutron and beta-energies measured. 
The energy of the unobserved beta-ray from N"” 
to the ground state of O!” is computed from the 
known data. This transition must be at least twice 
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forbidden (third Sargent curve) since its energy is 
8.7 Mev. If it were once forbidden, it would have a 
half-life of only about 3 seconds. A second for- 
bidden £-transition of 8.7 Mev has a half-life of 
about 80 seconds. The branching ratio of the 
high energy 8-rays would be 0.05 in this case, and 
gives a logical explanation for the failure to observe 
the N!’ 6-rays in the large background of N’® 
B-rays. Of course, it is quite possible that the 
branching ratio is smaller; 0.05 is merely an upper 
limit, if allowance is made for the scatter of experi- 
mental points on the Sargent diagram. An addi- 
tional check on the fact that the branching ratio is 
small comes from a comparison of the observed 
4,2-second half-life with the observed 8-ray energy 
of 3.7 Mev. The first Sargent curve indicates that 
a 4.5-second half-life corresponds to an energy 
release of 3.7 Mev. The uncertainties in the end- 
point measurement, and the scatter in the points: 
on the Sargent curve are enough to explain the 
discrepancy between 4.5 and 4.2 seconds. But if the 
branching ratio were 50 percent, the effective half- 
life of the 3.7-Mev transition would have to be 8.4 
seconds, which is outside the limits of error. 

No gamma-rays were found in coincidence with 
the recoils, but accidental coincidence limited the 
search to the case of one gamma-ray accompanying 
each recoil. It is also highly unlikely on theoretical 
grounds that a gamma-ray could be emitted in this 
process, as the neutron width is of the order of a 
hundred kilovolts. Gamma-ray widths are always 
very much narrower, so gamma-ray emission could 
not compete effectively with neutron emission. 


CORRELATION OF BETA- AND NEUTRON ENERGIES 


Since the energy available in the transition from 
N!7 to O'%-+-n is fixed, higher than average energy 
neutrons should be accompanied by a lower-than- 
average energy beta-ray distribution. An attempt 
was made to detect this effect, but no really con- 
clusive evidence was found, due to background 
effects at large 6-ray absorber thicknesses. The 
absorption curve of §-rays in coincidence with 
neutrons of any energy above 0.5 Mev is shown as a 
solid line in Fig. 5. Three additional curves were 
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Fic. 4. N" disintegration scheme. 














LUIS W. ALVAREZ 





ABSORPTION CURVE 
OF 6-RAYS IN COINCIDENCE 
WITH NEUTRONS 


4.1 MEV (CALCULATED) 
~ tad MEV ( OBSERVED) 
3 \ 3.2 MEV(CALCULATED) 


\ 
PEAK (E2) 
Low (€,) 


\ 
\ 

\ FEATHER 
END POINT 
19S 

cm? 








1 L rn 1 1 1 rT 1 1 
8 9 10 WosL2 13) 14 


G /cm® AL 





Fic. 5. Absorption of N* beta-rays in aluminum (solid 
line). For explanation of dotted lines and points at 0.85 g/cm?, 
see text. 


determined for $-rays in coincidence with three 
groups of neutrons, whose energies are shown in 
Fig. 3, as shaded blocks. Within the statistical 
fluctuations, these curves were identical. Therefore, 
it was decided to concentrate on a single point at 
about 0.8 g/cm?, and determine the number of 
B-rays per recoil through that thickness, for the 
three neutron groups. The choice of 0.8 g/cm* was 
a compromise between f§-ray energy resolutions, 
which requires data to be obtained close to the end 
point, and background effects, which require a 
counting rate somewhat above the accidental 


background. It was possible to carry the over-all . 


B-ray absorption curve to 1.15 g/cm? for two 
reasons: (1) the real counting rate was greater 
because all recoils contributed to the effect, and 
(2) the accuracy required was considerably less 
than that needed to establish the differential effect 
under consideration in this section. 

The results of several hours of counting are 
shown by the three points at about 0.8 g/cm’. The 
results are not conclusive, but if taken at face 
value, are consistent with the principle that energy 
is conserved in the over-all transition. The highest 
energy neutrons are accompanied by the softest 


B-rays. But the lowest energy neutrons also appear 
to be in coincidence with 8-rays somewhat softer 
than those accompanying the peak of the neutron 
distribution. But for these last two groups, the 
expected effect is smaller, and the points are closer 
together. If one considers the neutrons to have two 
average energies in the neighborhood of 1.6 Mev, 
and 0.8 Mev (the average of E; and E2), then there 
would be only two points on the 8-ray absorption 
diagram at 0.8 g/cm?. These two points would be 
spaced apart by 4.5 times the probable error of the 
low point and 7 times the probable error of the 
higher point, and would be displaced in the proper 
direction, but by a distance somewhat less than 
that calculated. 

It is unfortunate that this interesting correlation 
could not have been established in a more clear cut 
manner, but since the background was due almost 
entirely to N!*, no method of eliminating it ap- 
peared possible. An attempt was made to use C;F i, 
plus deuterons as a source of N!’, in the hope that 
the elimination of O'* (present in the water solution 
of NH,F) would lower the N’* background. Very 
intense sources of N!" were prepared by circulating 
C;Fis through the internal target of the 184” 
cyclotron. A centrifugal pump drove the liquid 
from the target to a counter-current scrubber 
outside the concrete shielding. Helium bubbled 
through the circulating liquid and carried the N"” 
to the usual proportional counter. The operation of 
the counter was rather erratic and depended 
critically on the partial pressure of the C7Fig vapor 
in the streaming helium. After a number of attempts 
to take reliable data with this system had failed, the 
method was abandoned. It is mentioned here 
because the technique of ‘‘pumping neutrons” from 
one point to another without high backgrounds of 
y-rays might be of interest in other applications. 

It is a pleasure to acknowledge a number of 
stimulating discussions of these problems with 
Professor Lawrence. Mr. Robert Thomas and Mr. 
Verne Ogren rendered valuable assistance in main- 
taining the electronic equipment and in taking data. 
The cooperation of the cyclotron crew is gratefully 
acknowledged. The work was supported by the 
Atomic Energy Commission under Contract No. 
W-7405-eng-48. 
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Radioactivity Induced in Ytterbium by Neutron Bombardment 


J. M. Cork, H. B. KELLER, W. C. RUTLEDGE, A. E. STODDARD, AND J. SAZYNSKI 
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A specimen of ytterbium, submitted to a long irradiation in the pile, showed a prolific yield of 
electron lines as a result of internal conversion. These lines appeared in part caused by radioactive 
ytterbium and the remainder indicated the presence of activated erbium. Each element displayed 
some lines of short half-life and some of half-life 105 days or longer. For ytterbium four gamma-rays 
were associated with the short lived activity and five gamma-rays were found to persist. In erbium 
there were five gamma-rays which died out rather quickly and seven gamma-rays characteristic of 
the long half-life. On considering the total gamma-emission from each element, it is possible by 
virtue of many mathematical identities between the energies to propose a plausible level structure 
for each product nucleus following beta-emission from isomers. 





HE element ytterbium (Z = 70) exists in nature 
as seven isotopes whose atomic masses range 
from 168 to 176. A specimen of this material in the 
form of the oxide, described by the producer Kahl- 
baum as chemically pure, was irradiated in the Oak 
Ridge pile for two months. On removal from the 
pile it was transported as expeditiously as possible 
to our laboratory where studies were made of the 
half-lives and the energies of the emitted radiations. 
The specimen exhibited a very high specific 
radioactivity and in photographic beta-spectrom- 
eters showed a remarkably large number of electron 
lines. The decay curve as followed for three months 
is shown in Fig. 1. It is quite apparent that there 
is not one but several radioactivities present. The 
only previously reported activities! had half-lives 
of 3.5 hours and 41 hours and were assumed to be 
due to isomers of mass 175. 

In order to obtain the energies of the emitted 
gamma-rays, line sources of the specimen were 
placed? in each of three different beta-spectrometers 
of the permanent magnetic semicircular focusing 
type, set at fields of 175, 290, and 380 Gauss, 
respectively. This allowed optimum resolution in 
different energy regions with a reasonable exposure 
time. Such exposures were made immediately after 
receiving the specimen and again at successive 
intervals of a few weeks thereafter. It was at once 
apparent that certain of the electron lines observed 
on the photographic plates taken immediately after 
receipt of the sample did not appear on plates taken 
on subsequent exposures. This indicated the pres- 
ence of a short lived emitter together with a long 
lived radioactivity. Typical photograms obtained 
with exposures of a few days with a magnetic 
induction of 175 Gauss are shown in Fig. 2. This 
figure reveals the electron lines in a limited energy 
region soon after the irradiation had ended on 
September 20 and above this a later exposure in 

1G. Hevesy and G. Levi, Nature 137, 185 (1936); M. Pool, 
L. Quill, and J. Kurbatov, Phys. Rev. 53, 437 (1938). 


2 J. M. Cork, R. G. Shreffler, and C. M. Fowler, Phys. Rev. 
72, 581, 1209 (1947). 


the same region taken on October 9. It is easy to 
note that certain of the lines have died out com- 
pletely or are greatly reduced in strength while 
other lines appear almost unchanged. 

By measuring as precisely as possible the position 
of each line with respect to the index edge of the 
plate it is possible to determine the radius of 
curvature of each electron beam and hence its 
energy. Such measurements were made on all of 
the plates, and the averaged energies for all of the 
lines from the specimen are shown collected in 
Fig. 3. Those electron lines that displayed a short 
half-life are designated with an asterisk. 

In order to evaluate the energy of the gamma- 
rays which by internal conversion give rise to the 
electrons observed, it is necessary to show certain 
group relationships in which the electron lines 
exhibit energy differences identical with the differ- 
ences in the K—L—M x-ray levels. If the gamma- 
emission follows the beta-emission from a ytterbium 
(Z=70) isotope then the K—L—WM differences 
should be characteristic of the element lutecium 
(Z=71) since the loss of the negative beta-particle 
is equivalent to the gain of an equal positive charge. 
For lutecium the K, L, and M levels are 63.4, 10.9, 
and 2.50 kev, respectively. By graphical means it 
is relatively easy to detect the existence of such 
combinations. 

An analysis of Fig. 3 showed that about half of 
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Fic. 1. Decay of irradiated ytterbium. 
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TABLE I. Collected electron energies. 

Electron Supposed Gamma-|Electron Supposed Gamma- 
energy —— ray | energy Orig energy 
(kev) Z=69 Z=71 (kev) (kev) Z2=69 Z=71 (kev) 
20.8 K,8 84.2 | 99.0 Lz 109.1 
22.5 K.28 85.9 | 99.0 LS 109.9 
32.8. Ky 92.3 | 99.0 Ks 162.4 
33.7 Ks 96.9 | 101.8 Kio 161.3 
47.2 K,§ 110.6 | 103.3 Ls% 113.4 
50.0 Ke 109.5 | 109.9 L,8 120.0 
54.0 KS 113.5 |}1175 Ku 177.0 
60.5 K,4% 120.0 | 120.3 L,§ 130.4 
70.7 K5% 130.2 | 121.0 LS 131.1 
71.6 Ke 131.1 | 126.5 Ls 137.4 
73.5 LS 84.4 | 127.8 Ly 137.9 
73.5 Ks 136.9 | 127.8 Le 138.7 
74.9 LS 85.8 | 137.0 Ly 147.9 
74.9 Ke 138.3 | 138.2 Kye 197.8 
78.0 Ky 137.5 | 143.5  Ly8 153.6 
79.0 Kes 138.5 | 143.5 Kg 206.9 
81.7 M8 84.2 | 151.3 Lio 161.4 
81.7 Li 91.8 | 151.3 Ls 162.2 
84.4 Ky 147.8 | 166.8 Lin 176.9 
86.0 Ls 96.9 | 187.4 Lie 197.5 
94.0 KS 153.5 | 195.4 Kio = 258.8 

246.8 Lio = 257.7 











the observed lines could be interpreted in this way 
as due to radioactive ytterbium produced in the 
pile by neutron capture. These energies are por- 
trayed as dashed lines in Fig. 3. Since some of the 
lines disappeared with time it must be that there 
is both a long lived and a short lived radioactivity 
in ytterbium. These two activities might reasonably 
be expected to be due to isomers of mass 175 or 
177 produced from the stable isotopes of mass 174 
(29.58 percent) or 176 (13.38 percent) by neutron 
capture. The numerical values of the energies of 
all of the observed electron lines are presented in 
column 1, Table I. The assumed origin of the 
conversion electrons attributed to ytterbium is 
noted in column 3. The letter S designates those 
transitions associated with the short lived activity, 
while all the other energies appear related to the 
activity of half-life 105 days or longer. The energies 
of the parent gamma-rays are given in column 4. 
There appear in all to be four short lived and six 
long lived gamma-rays and these are re-tabulated 
in columns 3 and 4, Table II. 

Those lines which did not fit the K-L—M 
differences characteristic of lutecium very evidently 
had a different origin, probably due to some con- 
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Fic. 2. A portion of the electron spectrum of 
irradiated ytterbium. 
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Fic. 3. Electron spectrum of irradiated ytterbium 
(asterisk indicates short lived components). 


taminant. In order to detect what this element 
might be, scales for the graphical method were 
made showing the K—L—WM differences for all 
neighboring elements in this region of the periodic 
table. Interestingly enough, all of the remaining 
lines were found to be completely satisfied by the 
x-ray level differences characteristic of thulium 
(Z=69) for which the K, Z, and M energies are 
59.5, 10.1, and 2.31 kev. If the decay consists of 
beta-emission followed by the gamma-ray, then it 
must be that radioactive erbium (Z=68) is the 
source of the activity. Since the chemistry of these 
elements is difficult, it might presumably be that 
erbium, with a large cross section for neutron 
capture, was present in the original irradiated 
specimen. Of course it could be that the radioactive 
erbium was produced as the result of an (n, a) 
reaction on ytterbium, but this is a rather unlikely 
process in the pile. 

Note added in proof: A sample of irradiated erbium has re- 
cently been investigated and shows precisely the same total 
electron spectrum as observed for irradiated ytterbium. This 
indicates that the chemigal separation of these two elements 
is not accomplished in either specimen. Additional electron 
lines have been found at 40.3, 58.5, 90.5, 107.3, and 174.2 kev, 
which could be interpreted as due to gamma-rays in ytterbium 
at 60.8 and 237.5 kev and in erbium at 99.6 and 117.7 kev. 
The electron lines at 74.9 and 99.0 kev behave peculiarly in 
that in three different specimens examined they seem to 
increase in intensity during the first week after irradiation 
ceases. 

From a study of the early and the subsequent 
plates it appears that as in ytterbium so also in 
erbium some of the lines are associated with a short 
lived radioactivity and others with a long lived 
emitter. These energies are treated in a manner 
similar to the ytterbium and the results are shown 
collectively in column 2,.Table I, and in columns 1 
and 2, Table II. There are in all five gamma-rays 
associated with the short lived emission and seven 
gamma-rays related to the long lived radioactivity. 


TABLE II. Gamma-energies. 











Erbium Ytterbium 

Short lived Long lived Short lived Long lived 
120.0 kev 92.1 kev 84.2 kev 96.9 kev 
113.5 109.3 85.9 138.4 
130.3 137.7 110.3 147.8 
131.1 138.3 206.9 137.0 
553;5 161.3 162.3 

177.0 258.3 

197.7 
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Fic. 4. Proposed decay scheme for radioactive ytterbium. 


This illustrates forcibly the power of this method 
of analysis. It shows without question the atomic 
number of the element undergoing internal con- 
version. The particular isotope responsible for the 
radioactivity must be deduced from this by the 
consideration of such additional factors as the 
possibility of certain impurities being present and 
the type of reaction most likely to occur in the 
irradiation. 

It would thus seem reasonable to conclude here 
that erbium was present as an impurity in the 
ytterbium. By neutron capture a short lived activity 
is produced which in its decay yields five internally 
converted gamma-rays. The responsible isotope 
might reasonably be the atom of mass 169, which 
had been reported to have a half-life of 12 hours. 
This half-life could not be verified in this investiga- 
tion because of the interference of the ytterbium. 
The long lived activity shows seven low energy 
converted gamma rays. This activity might be 
associated with the isotope of mass 171 or it might 
be due to an isomer of mass 169. 

Absorption measurements in lead showed the 
presence of a high energy gamma ray at 0.91 Mev 
in the long lived activity but it could not be 
determined in which element it originated. From 
the absorption in aluminum it was found that beta- 
radiation was present in the short lived activity 
with an upper energy limit of 1.7 Mev and in the 
long lived activity with an upper energy limit of 
about 0.85 Mev. 


DISCUSSION OF RESULTS 
The appearance of such a large number of 
gamma-rays in each element is indicative of a 
complicated nuclear level scheme for each. On 
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Fic. 5. Proposed decay scheme for radioactive erbium. 


inspecting the values for each element it was 
surprisingly enough observed that by considering 
the energies of the short lived activity with those 
of the long lived emitter many simple mathematical 
equalities existed. It is thus possible to construct 
a plausible level scheme for ytterbium as shown in 
Fig. 4. This is predicated on the existence of two 
isomeric states in ytterbium. The short lived beta- 
emission from one of them is followed by four 
gamma-rays shown in the figure by the heavy biack 
lines. Additional transitions to reach the ground 
state are identical with those that follow the long 
lived beta-emission from the other isomer and 
shown graphically by the thin transition lines. The 
ten observed lines are thus accommodated by seven 
levels and in no case does the energy differ by more 
than a half-kev from that to be expected in the 
proposed plan. It cannot be asserted that such an 
arrangement is unique, but from probability con- 
siderations it seems highly plausible. 

In almost an identical manner the five gamma- 
rays in the short-lived erbium emitter may be 
combined with the seven gamma-rays from an 
isomer of long half-life. This proposed level scheme 
is shown in Fig. 5 in which again the heavy black 
lines are short lived transitions. It is apparent 
that in this proposed arrangement certain identical 
transitions occur following both the short lived and 
the long lived beta-emissions. This phenomenon 
would give rise to electron lines which would weaken 
rapidly after bombardment during the short lived 
beta-decay and then persist together with the other 
long lived lines. Such behavior was observed, thus 
lending support to the suggested scheme. 

This investigation is made possible by the 
support of the AEC and ONR. 
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An experiment has been carried out both at Chicago and on Mt. Evans, Colorado, to determine the 
absorption of the electrons emitted in the decay of cosmic-ray mesons. Approximately 8000 counts 
have been obtained, using a hydrocarbon as the absorbing material. These data are used to deduce 
some features of the energy spectrum of the decay electrons. The resolution of the apparatus is cal- 
culated, taking the geometry, scattering, and radiation into account. The results indicate that the 
spectrum is either continuous, from 0 to about 55 Mev with an average energy ~32 Mev or consists 
of three or more discrete energies. No variation of the lifetime with the thickness of the absorber is 
observed. The experiment, therefore, offers some evidence in favor of the hypothesis that the u-meson 


disintegrates into 3 light particles. 





I. INTRODUCTION 


HE nature of the disintegration of the light 
(u-) meson is still unknown. It is fairly clear 
from cloud-chamber measurements, however, that 
only one of the disintegration products is charged, 
and that its charge is approximately that of the 
electron.'~ It is probable that this charged decay 
particle is an electron, since it is then possible to 
account for the soft component of cosmic radiation 
near sea level. At low altitudes the soft component 
cannot be accounted for either as the tail of the 
showers at higher altitudes, or as the result of knock 
on and bremsstrahlung processes of the mesons, 
but must be formed in the decay of mesons. How- 
ever, photons have never been observed in meson 
decay.* ® So either the observed charged particle is 
an electron, or one must assume that at least one of 
the disintegration products is in turn radioactive 
and is the source for the sea level soft component. 
It is assumed in the following that the charged 
decay product is an electron (or positron). 

There exist already some data on the energy dis- 
tribution of these electrons. 13 cloud-chamber 
photographs permit a determination of the energy. 
The reported results, in Mev are:** 


15+3* 40+123 43493 
24? 40+83 48+103 
20-503 42+83 53415 
20-503 42+123 70+35! 
70 with large probable errors 


* Present address: The Institute for Advanced Study, 
Princeton, New Jersey. 

1E. J. Wilson and G. E. Roberts, Nature 145, 102 (1940). 
— Adams, Vogel, and Rau, Phys. Rev. 72, 724 

3 Robert W. Thompson, Phys. Rev. 74, 490 (1948). 

‘E. G. Fowler, R. L. Cool, and J. C. Street, Phys. Rev. 74, 
101 (1948). 

5. P. Hinks and B. Pontecorvo, Phys. Rev. 73, 257 (1948), 

®R. D. Sard and E. J. Althaus, Phys. Rev. 74, 1364 (1948). 

** Note added in proof: Recently much more extensive cloud- 
chamber data have been obtained. See R. B. Leighton, C. D. 
Anderson, and A. J. Seriff, Bull. Am. Phys. Soc. 24 (2), G1 
and G2 (1949). The results substantiate and extend those re- 
ported here. 


In addition, Conversi, Panchini, and Piccioni’ 
have measured the average absorption of the decay 
electrons in iron. They find the average energy to 
be 45 Mev+:20 percent. 

We report here an attempt to obtain some 
features of the energy spectrum by measuring the 
absorption of the decay electrons of cosmic-ray 
mesons in polystyrene, a hydrocarbon. The mea- 
surements have been made both at Chicago, alt. 
600 ft., and on Mt. Evans, alt. 14,200 ft. In all about 
8000 counts have been obtained. Early results have 
been reported in a previous note.® A similar experi- 
ment has also been performed by Hincks and 
Pontecorvo.? 


II. APPARATUS 


The arrangement of the counters is shown in 
Fig. 1. Figure 2 is a block diagram of the experi- 
ment. There are eighty brass counters, arranged in 
four layers of 20 each. All 20 counters of a tray are 
connected in parallel, so that each tray acts essen- 
tially like a square surface, which registers charged 
particles traversing it. Trays A and B, separated 
by two inches of lead, detect the incoming mesons. 
Trays C and D, separated by a variable thickness 
of polystyrene, register the decay electrons emitted 
by a meson stopping in absorber 1. Consider a 
meson that has traversed trays A and B, and has 
come to'rest in absorber 1. If the decay electron is 
emitted in the proper direction and with sufficient 
energy to penetrate the remainder of absorber 1, 
Tray C, absorber 2, and Tray D, then the event is 
characterized by a coincidence (A+B), followed 
some time later by a coincidence (C+D). The circuit 
selects these delayed coincidences, provided the 
time of delay is between 0.7 and 4.4, sec. 

For the first 0.74 sec. after a coincidence (A+B), 
Trays C and D are connected in parallel, and in 
anti-coincidence with (A+B). This reduces the 


7M. Conversi, E. Panchini, and O. Piccioni, Phys. Rev. 71, 
209 (1947). 

8 J. Steinberger, Phys. Rev. 74, 500 (1948). 

* E. P. Hinks and B. Pontecorvo, Phys. Rev. 74, 697 (1948). 
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number of chance events recorded; that is, events 
in which two different particles, which differ in 
their time of arrival by 0.7 to 4.4u sec., traverse the 
apparatus. We have then for the background 
counting rate 


[(A+B)—(A+B+C or D)]X (C+D) X3.7u sec. 


The time of delay is measured as the separation 
of two pulses on a linear oscilloscope sweep. 

The dimensions of the counters are given in 
Table I. 

Since the radiation losses in brass are relatively 
large, the counters have been made with thin walls. 
This construction is especially mecessary for 
counters in Tray 3, since the electrons traversing it 
have a high energy and therefore a high radiation 
probability. Absorber 1 is polystyrene, 4 g/cm?. The 
total weight of absorber 1, including counter walls, 
is 4.8 g/em?. For thickness smaller than 17 g/cm’, 
absorber 2 is polystyrene. For larger thicknesses it 
is in part carbon, in part polystyrene. 

The experiment consists of measuring the number 
of delayed coincidences as a function of absorber 
thickness 2. If the experiment were ideal, one would 
expect to observe a step function for monoenergetic 
electrons. That is, the counting rate would be 
expected to be constant as the thickness of absorber 
2 is increased, until a critical point when it would 
fall to zero. Actually, the resolution is diminished 
for two reasons: 


COROOOOQOOOOOOOOO0RO Ta A 
COOOOOOOOOOOOOOOR000 TB 


26 GOO OSS SSE 6666S 66 ©h.) 1 





Po 








CH, 











CH, 
(SOC DOUGG GOL): 


aa kas 





| ABSORBER 1 


| ABSORBER 2 
H 


S IN MESON DECAY 


TABLE I. Dimensions of counters. 








No .of 
counters 


20 
20 
20 
20 


Wall 
thickness 


0.031” 
0.016” 
0.008” 
0.016” 


Active 
length 


20” 
20” 
a" 
20” 


LB. Material 


15/16” 
31/32” 
1° 


31/32” 





brass 
brass 
brass 
brass 


Tray 1 
Tray 2 
Tray 3 
Tray 4 








(1) Geometry. The apparatus will accept decay electrons 
which originate in various parts of absorber 1, and traverse 
the system at different angles and therefore with different path 
length. 

(2) Straggling. Because of radiation and scattering particles 
of equal energy will be distributed in range. 


In order to analyze the experimental results it is 
necessary to calculate the absorption curves ex- 
pected for monoenergetic electrons. This will be 
done in Section IV. 


Ill. RESULTS 


The apparatus was in operation for 516 hours in 
Chicago, where 2181 counts were observed, and for 
349 hours on Mt. Evans, where 5771 counts were 
obtained. 

The data on the absorption of decay electrons are 
given in Tables II and III and Figs. 3 and 4. The 
lifetime data are given in Table IV. 


IV. CORRECTIONS OF THE RESULTS 


Analysis of the results’ necessitates a calculation 
of the absorption curves expected for monoenergetic 
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Fic. 1. Arrangement of counters and absorbers. 
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Fic. 2. Block Diagram of electronic circuits. 


electrons. To do this, it is necessary to find the 
range spectrum, f(Z, R)dR, for electrons of energy 
E, and the absorption curves, F(R, D), of this 
geometry for electrons of range R. The absorption 
curve for electrons of energy E is then 


G(E, D) = f dRf(E, R)F(R, D), 


where G(E, D) is the fraction of electrons of energy 
E which is able to penetrate a thickness D of 
absorber 2. 


A. Computation of F(R, D) 


The geometry for the detection of the decay 
electrons is illustrated in Fig. 5. Two assumptions 
are made in the calculation of the geometrical ab- 
sorption curve F(R, D). (1) Mesons disintegrate at 
an equal rate in all portions of absorber 1. (2) The 
solid angle subtended at the point of origin of the 
electron in absorber 1 by Tray 4 is independent of 
the vertical dimension in absorber 1. Both assump- 


tions are very nearly true; and, for the purposes of 
this analysis, the geometrical calculation may be 
considered exact. Then 

Smaller of (D+D:1) and R 
F(R, D) = (wd?/2x) | dD’ 


D 


Smaller of [1-+(s?/d?)]? or R/D’ 


x J (dx /x*)[(w—4) +(2—(d/s) (x?—1)4)?], 


where w=number ofemesons stopped in absorber 1 
per unit volume and unit time. 


d=20 inches, D,=1.5 inches. 


In Fig. 6, f(R, D) is plotted for various values of 
R. For R>(D+D,)(1+s?/d?)!, F(R, D) assumes a 
constant and maximum value 


F(R, D) =wd?D;X0.0519. 


This means that if the range is sufficiently large, the 
geometrical detection efficiency is 0.0519. 


s = 20.5 inches, 


TABLE II. Absorption of the charged particles in meson decay at Chicago. 








Delayed Coin- 
Delayed coin- cidences 

cidences (A+B) 
per hour per minute 


Absorber No. 
thickness of coin- 
g/cm? hours cidences 


Coin- Net 
cidences Coin- Back- delayed 
cidences ground coin- 
(C+D) per cidences 
per hour 


Standard 


per minute per minute hour division 





0.8 57.00 508 8.92 1.36 X 10° 
3.45 54.85 418 7.63 
6.10 53.43 369 6.92 
8.75 50.15 238 4.74 

11.4 45.35 4.39 

14.05 31.33 2:65 

17.27 40.7 2.30 

20.49 29.68 1.75 

23.14 16.62 1.86 

26.36 48.97 1.72 

29.58 29.62 1.72 

32.23 20.8 ° 1.05 

34.88 36.95 0.866 


8.26 0.41 
0.39 

0.38 

0.32 

0.35 

0.32 

0.27 

0.28 

- 0.39 


1.16 X 10° 0.800 x 103 " 
0.784 
0.775 
0.770 
0.765 
0.752 
0.750 
0.735 
0.735 
0.730 
0.730 
0.720 
0.720 
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TABLE III. Absorption of the charged particles in meson decay at Mt. Evans, alt. 14200 ft. 








Coin- 
cidences 
(A +B) 


Delayed 
coin- 
cidences 
per hour 


Delayed 
coin- 
cidences 


Absorber No. 
thickness of 


g/cm? hours per minute 


Coin- 
cidences 
(A+B+C 

or D) 


per minute 


Net 
delayed 

coin- 
cidences 
per hour 


Coin- 
cidences 
(C+D) 
per minute 


Standard 
deviation 





33.0 4.17 X 108 
27.5 
22.8 
19.5 
14.52 
11.2 
223 7.74 
174 7.06 
132 5.87 
4.52 
5.00 


1184 
1135 
978 
772 
653 
338 


0.8 35.76 
3.45 41.28 
6.10 42.78 
8.75 39.47 
11.4 44.98 
14.05 30.17 
16.7 28.85 
20.49 24.63 
23.14 22.43 
25.79 21.71 98 
34.88 16.79 84 


1.05 
0.90 
0.81 
0.71 
0.66 
0.73 
0.60 
0.70 
0.69 
0.65 
0.75 


26.46 
21.45 
17.1 
14.14 
9.49 
6.17 
2.84 
2.22 
1.04 
—0.24 
0.27 


3.46 X 108 2.49 X 108 


2.32 








B. Computation of f(£, R) 


The range of the electrons depends on their 
ionization loss, on the radiative loss, and on the 
extent to which the effective path length is shortened 
by scattering. 

a. Ionization loss—Energy is lost by ionization 
at a rate which is only a slowly varying function of 
the energy. For the calculations here the ionization 
loss is taken to be 1.82 Mev/g/cm?, independent of 
the energy. This value is the average of 1.92 as 
computed for polystyrene by Fermi’s’® formula, and 
1.72 as obtained experimentally for 16.5-Mev elec- 
trons in water with the Illinois betatron. The data 
on water were kindly given to me by Professor 
Skaggs. : 

b. Radiation.—The spectrum of photons emitted 
by electrons of energy ~25 Mev may be approxi- 
mated by the formula! 


(€)dxde=[1 —(€/E)/(€/E) |dx(de/E). 
Here x is the path length of the electron and ¢ and 














> 10 rT) 20 25 30 
Absorber, g/cm* 

Fic. 3. Absorption of decay electrons in polystyrene 
in Chicago. 


10 Enrico Fermi, Phys. Rev. 57, 485 (1940). 
11 Bruno Rossi, Rev. Mod. Phys. 13, 255 (1941). 


E, the energies of photon and electron, respectively. 
It is necessary to integrate ¢(e) over the total path 
length of the electron. Since radiation losses are 
small compared to ionization losses, we may set 


Fo{—e/E Ey InEo 
6(d(@) = Ade f aB= Add —— -1], 
€ € 


0 


where Eo is the original energy of the electron and A, 
a constant, which must be so chosen that the total 
amount radiated is correct. 


Eo 


(¢€)de= (AE,?/4); 
..A=4> (average total radiation/E,?). 


The emission of these photons decreases the 
range of the electrons. To get an estimate of the 
resultant range distribution, M(Eo, r)dr, the photon 
distribution is divided into two energy regions; 
O—e’, e'—Eo. €’ is so chosen that 


Eo 


o(€)de=}. 


e’ 














——— ) 





= 


Absorber, g/em* 


b 6 ar) 


Fic. 4. Absorption of decay electrons in polystyrene on 
Mt. Evans, Colorado. 
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TABLE IV. Combined data on lifetimes. 








Counts in 
stated time 
intervals 
10-6 sec. i . J J Total 








Lifetime 2.16 2.26 2.24 


Standard 
+0.18 +0.26 +0.27 


deviation +0.56 








(This means that ¢’ is such that, on the average, 
an electron radiates one-half of a quantum of 
energy greater than e’.) In the region, e’ to Eo, one 
may approximate by saying that an electron radi- 
ates either 0 or 1 quanta of energy greater than ¢’. 
For photon energies lower than ¢’, ¢(e) increases 
rapidly. In this latter region the electron loses 
energy in many small steps, and therefore straggling 
due to radiation of photons of energy less than e’ is 
neglected. Let E’ be the average energy lost by an 
electron in this region: 


, 


B= ep(e)de. 
0 


Then the resultant range distribution of the electron 
is approximated by 


M(E, r)dr =0.56(r —Ey +L’)dr 


r+’ Eo 
A( —In jar, 
E,-—E’-r E,—E’-r 





if r is given in units of energy. 

The average radiation loss, which is needed to 
fix A, is calculated according to the formulas in 
Heitler.” For a particle traversing first 0.5 g/cm? of 


| 


= 




















ABSORBER 2 











COUNTER TRAY 4 





ie 


| d 





> 


Fic. 5. Geometry of electron detection apparatus. 
(Note to scale.) 


2W. Heitler, The Quantum Theory of Radiation (Oxford 
University Press, London, 1936). 


brass, and the remainder of its range in polystyrene, 
we have: 


Average total energy radiated 
E,(Mev) E,?(Mev) 
+ | Mev 
26.6 254 
= 3.21 Mev for Ey=25 Mev 
= 10.96 Mev for Ey, =50 Mev. 





c. Scattering —The path of the electron is devi- 
ated from a straight line by the coulomb field of the 
nuclei. This results in a shortening of the effective 
range. The individual scattering process is chiefly 
through a very small angle. For short path lengths, 
the distribution in angles is gaussian™ with 


(0*) y= 162 NZ?r o?(mc?) in(t8iz- [ (dx/E?), (1) 


provided 
(0? )w<K1. 


Here it is assumed that v/c=1, and ro>=2.81 X10" 
cm, N=number of atoms/cm’, Z=nuclear charge, 
E=energy of electron, x =distance in cm. 

Because of the 1/E? factor, scattering is im- 
portant chiefly near the end of the range. To get an 
estimate of the shortening of the range, a statistical 
method is used.'* One hundred particles are theo- 
retically projected along the z axis, each with 
energy 50 Mev into a medium in which the energy 
loss is constant. The total range of each particle is 
subdivided into intervals of such length that the 
(6")4, corresponding to each is ? according to formula 
(1). The subdivisions are: 50—6.45; 6.45—3.43; 
3.43—2.37; 2.37-—1.79; 1.79-—1.44; 1.44—1.20; 
1.20—-1.00. In each interval the particle is scattered 
through an angle which is selected at random ac- 
cording to the gaussian with (6?)4= 3%. This pro- 
cedure determines the angle at which the particle 
leaves the interval. It still leaves the path within the 
interval undetermined. This path is arbitrarily taken 
to be a broken line of two segments, the first at 
the angle of the entering particle, the second at the 
angle of the leaving particle. The lengths of the 
segments are such that the total length is that of the 
interval, and the ratio of the two lengths is fixed so 
that for each length (6?),,= 4. The component along 
z of the total path is then taken as the effective 
range. A two-dimensional version of the process is 
illustrated in Fig. 7. Table V gives the results of the 
calculation. It represents, in tabulated form, a 
function n(r,R) which gives the distribution in 
effective range R of particles with total range r. 


18 Bruno Rossi, Rev. Mod. Phys. 13, 263 (1941). 
4S. Ulam and J. von Neuman, Bull. Am. Math. Soc. 53, 
1120 (1947). 
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Fic. 6. F(R, D) calculated absorption waves for decay electrons of a unique range. 


d. Range distribution of electrons of energy E.—It 
is now possible to calculate the distribution in 
range of electrons of energy E. It is given by the 
integral. 


f(E, R)dR=dR f drM(E, r)n(r, R). 


Finally, the expected absorption curve for elec- 
trons of energy E is given by the integral 


_ GE, D)= [re. R) F(R, D)dR. 


The curves for E=25 Mev and 50 Mev are shown 
in Fig. 8. 


V. DISCUSSION OF THE RESULTS 


The data, with background subtracted, are 
shown in Fig. 8. Here the Chicago data have been 
arbitrarily normalized with respect to the Mt. 
Evans data. In the same figure, curves 1 and 2 are 
absorption curves for’: monoenergetic electrons of 
50 and’ 25 Mev, respectively, calculated as de- 


scribed in Section IV. It seems fairly clear from . 


this figure that it would be hard to explain the 
experimental data on the basis of a single energy. 
Since such a spectrum is required for a disintegra- 
tion into two particles, the experiment must. be 
considered as evidence against such a hypothesis. 
It is not impossible, however, to fit the data by 
means of several judiciously chosen energies. 
Theoretically, this would imply that the meson 
disintegrates by means of several competing pro- 


cesses. In each such process an electron and neutral 
meson would be emitted, the masses of the neutral 
particles being determined by the energies of the 
electron. This requires the invention of several new 
neutral particles, and is therefore not very palatable. 
The most reasonable interpretation would then be 
that the meson disintegrates into three particles. 
The best fit is obtained if one takes all three par- 
ticles to have small or zero rest mass, possibly an 
electron and two neutrinos. The electron then has 
a continuous spectrum. The main features should 
be described by a phase space calculation. The 


END OF SECOND INTERVAL 

ENO OF FIRST INTERVAL 
43/343 
645 


va t 
EFFECTIVE RANGE 
476 MEV 





Fic. 7. Two-dimensional example to illustrate the 
scattering calculation. 


TABLE V. This table gives the results of a statistical calcu- 
lation on the effect of scattering on the range of 50-Mev 
electrons in polystyrene. Each of the numbers in the table 
gives the reduction in range in g/cm? for one of the 100 
particles for which the computation has been made. 
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Fic. 8. The experimental points represent the data obtained in Chicago and on Mt. Evans. The indicated 
error is the standard deviation. The full curves 1 and 2 represent the calculated absorption curves for 50 
and 25 Mev, respectively. Curve 3 is the absorption curve calculated for electrons emitted in a continuous 
spectrum. The spectrum is calculated from Eq. (2), taking uc? =100 Mev. 


result!® of such a calculation is 
N(E)dE = E*[ 3(uc?)?—6uPE+2E% |\dE, (2) 


where E is the electron energy, uc? is the best energy 
of the meson. The absorption curve of this spectrum 
has been computed for wc? =100 Mev and is drawn 
as curve 3 in Fig. 8. If, as seems more reasonable 
now,'® one takes wco?=110 Mev, slightly better 
agreement with experiment is obtained. An attempt 
has also been made to calculate a spectrum which 
is in good agreement with the experiment. In com- 
puting. this, it was arbitrarily decided to exclude 
energies larger than 55 Mev. Such a spectrum is 
shown in Fig. 9, and its absorption curve compared 
with experiment in Fig. 10. It must be emphasized 
that it is difficult to estimate the limits of error of 
this spectrum. They are certainly very large, but 
perhaps the main features are correct. The average 
energy of the spectrum is 32 Mev, and has more 
claim to correctness than the spectrum itself. The 
differences between Fig. 9 and the spectrum of (2) 
are certainly within experimental error if one takes 
uc? = 110 Mev. The experiment therefore lends some 
support to the currently popular decay scheme for 
the meson u—e+ v+ »; but certainly does not prove 
it. The results are in agreement with those of Hinks 
‘ and Pontecorvo® and can be reconciled with the 
cloud-chamber data quoted in Section I. The dis- 
agreement with the conclusion of Conversi and 


6] wish to thank Professor J. A. Wheeler for pointing out 
an error in the spectrum given in a previous note (see reference 


7). 
16 Robert Serber, The Report of the Soluay Congress (1948). 


Piccioni® is, I believe, caused by the difficulty of 
making the proper calculation for their experiment. 
In particular, the radiation and scattering in iron 
result in very great straggling which makes it 
difficult to calculate the energy accurately. 

The average energy of the electrons in meson 
decay can also be deduced from the energy balance 
of cosmic radiation. At sea level, the total ionization 
loss of the soft component per gram of air should 
be equal to the total energy lost by the hard com- 
ponent as a result of meson decay, multiplied by 
the fraction of the meson’s energy transferred to the 








NO. OF ELECTRONS PER UNIT ENERGY 











| | | | | | 
10 20 30 40 50 60 


ENERGY OF ELECTRON IN MEV 





Fic. 9. The decay electron spectrum in this figure has been 
calculated to give as good a fit as possible with the data, at 
the same time excluding energies greater than 55 Mev. The 
limits of error of this spectrum are unknown, but large. 
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RANGE OF ELECTRONS IN MESON DECAY 


electron. The cosmic-ray data have been analyzed 
by Rossi,!” who obtains for the average energy of 
the electron 0.29uc?+20 percent. This experiment 
gives 0.29-0.32uc*, depending on whether 110 or 
100 Mev is used for the rest energy of the meson. 

The lifetimes are calculated according to the 
recipe of Peierls.!* No variation, greater than sta- 
tistical error, of the lifetimes with absorber thick- 
ness is observed. The mean lifetime agrees with 
the value of Rossi and Nereson.!® 

The counting rate of delayed coincidences with 
both absorbers 1 and 2 removed was observed for a 
short time (5.5 hours) on Mt. Evans. The total 
number of counts was 42. This is slightly less than 
the sum of the calculated background and the 
number of decay particles expected from mesons 
stopped in the counter walls. One would have ex- 
pected 

5.5[6.54+4.3 ]=59 counts. 


From the counting rate with absorber 2 removed 
one can calculate the flux of mesons stopped per 
gram of light absorber. 


counting rate 





Meson flux = . . 
area Xefficiency for detecting mesons 


1 





fraction of decays observed 
1 





weight of absorber 1 /om? 
At Chicago this is 


8.26/3600 
~ 400X6.44X0.85 





1 1 


Xx x—. 
0.0519 X (e—0.65/2.16—e—4.4/2.16) 4.8 
= 6.85 X 10-6 sec.—! g—! 
=no. of mesons of approximate 100 g/cm? 





range per cm?, per g/cm? range. 


17 Bruno Rossi, Rev. Mod. Phys. 20, 672 (1948). 
18 R, Peierls, Proc. Roy. Soc. 149, 467 (1935). 
19 B. Rossi and N. Nereson, Phys. Rev. 62, 417 (1942). 
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Fic. 10. The absorption curve calculated for the 
spectrum in Fig. 9. 


This can be converted into directional intensity if 
one assumes a cos*@ distribution for the variation 
with zenith angle of the intensity of slow mesons. 
The intensity from the vertical is then 


6.85 X 10~® + (4/2) = 4.36 X 10-$ sec.—! g-! sterad.—!. 


Previous determinations of this quantity are ana- 
lyzed by Rossi, who favors the value 5.4X10-8 
sec.—! g— sterad.—!.% 
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Procedure for Processing Nuclear-Track Emulsions* 


M. J. WiLtson** AND W. VANSELOW 
Kodak Research Laboratories, Rochester, New York 


(Received December 30, 1948) 


Procedures have been investigated for processing exposed Eastman NTB Nuclear Track Plates 
which have thicknesses in the range of (a) 100-175u and (b) 200—260yu. Processing recommendations 
are given for developing essentially all tracks of ionizing particles, including electron tracks. The 
process consists in initiating development at low temperature and allowing it to go to completion at 
a higher temperature, checking development in a cold acid stop bath, and fixing (with nitrogen agita- 
tion) first at low and later at a higher temperature. 





HE increase in the use of special photographic 
emulsions for recording ionizing particles has 
led to a demand for emulsion coatings of thickness 
considerably greater than that encountered in 
ordinary photographic use. In addition, such emul- 
sions have a considerably higher ratio of silver 
halide to gelatin than is found in most photographic 
materials. These special characteristics have re- 
quired that particular procedures for their proc- 
essing be worked out, and some experimental work 
has been done to provide recommendations for 
processing conditions which bring out the desired 
records of nuclear particles. 

The basic problem in the development of any 
photographic emulsion, which applies equally to 
the processing of what will be called, for con- 
venience, “‘nuclear-track emulsions,” is to develop 
the exposed emulsion grains without a corre- 
sponding development of the unexposed or fogged 
silver halide. The important factors which affect 
this differentiation are both chemical and physical, 
but for emulsions of relatively great thickness the 
competing rates are largely controlled by physical 
factors. These factors are the rate of diffusion of the 
reacting developing agent into the exposed emulsion 
and the simultaneous diffusion of the reaction 
products away from the developing grains. It is 
well known that the products of development 
markedly affect the rate of development of photo- 
graphic emulsions. In working out conditions for 
processing thick emulsions of nuclear-track type, 
it is necessary to adjust the rate at which the de- 
veloping agent is supplied to the emulsion grains 
against the rate at which the products of develop- 
ment diffuse from the layer. It is very important 
that both the top and the bottom of the emulsion 
layer have as nearly the same degree of develop- 
ment as it is possible to obtain, since differences in 
development in these two regions might be misin- 
terpreted in analyzing certain characteristics of the 
tracks of ionizing particles such as grain density. 


* Communication No. 1236 from the Kodak Research 
Laboratories. 
** Present Address: Physics Department, University of 


Wisconsin, Madison, Wisconsin. 


In addition to the problem of insuring uniform 
and satisfactory development, there is the problem 
of retaining suitable physical characteristics of the 
developed emulsion layer. The emulsion should not 
swell or shrink unduly during processing, nor should 
it undergo localized reticulation which would tend 
to distort the character of the tracks observed. It 
is known that factors which affect the swelling and 
shrinking of gelatin also affect both the adhesion 
to a support and the physical homogeneity of 
photographic emulsions. Factors which influence 
the swell and shrink characteristics of a gelatin 
layer are the pH, salt content, and temperature 
of the solutions in which it is in equilibrium. Thus, 
as a general principle, it is well established that in 
order to retain maximum dimensional stability, 
with consequent adherence to the supporting layer, 
rapid changes in fH, in salt content, and in tem- 
perature must be avoided as much as possible at 
all stages in processing. 

The above generalizations apply to developers 
used in photographic processing, to ‘‘stop baths” 
which are employed to stop the, action of the 
developer, to fixing baths which are used to remove 
the undeveloped silver halide, and to the washing 
operations which follow fixation. 

Suitable conditions have been worked out for 
processing nuclear-track plates having thickness in 
the range usually found for normal photographic 
products, and there is considerable information on 
this in the literature. However, special problems 
arise when the emulsion thickness becomes greater 
than about 100 microns. When it became apparent 
that special processing conditions would be needed 
for processing thick nuclear-particle plates, a 
program was undertaken in the Kodak Research 
Laboratories to work out the best recommendations 
for those using such special emulsions supplied by 
the several manufacturers of such materials: Ilford, 
Ltd., in England, Kodak, Ltd., in England, and 
Eastman Kodak Company in the United States. 

When this work was in progress, several publica- 
tions appeared which contained processing recom- 
mendations applying to thick nuclear-particle 
emulsions. A publication by C. C. Dilworth, G. P. S. 
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Occhialini, and R. M. Payne! gave recommendations 
which were based principally upon work with Ilford 
plates, and more recently recommendations have 
been given in Technical Report OANAR-29-48? 
for processing Ilford and Kodak plates. Work done 
in the Kodak Laboratories was done with Eastman 
NTB Plates. 

It can be stated, in general, that the results ob- 
tained in the present study have led to processing 
recommendations which are in remarkably close 
agreement with those given in the two publications 
previously mentioned. Similarly, the optimum con- 
ditions for the use of stop baths and fixing baths 
in processing have been found to agree very closely 
with those recommended. However, one innovation 
has been found to be advantageous, and that is the 
use of nitrogen agitation during the fixing operation 
which tends to shorten the fixing time appreciably. 

Although the results obtained in the present 
work agree with those published, it was thought 
advisable to repeat in some detail recommendations 
arrived at, since at the present time many East- 
man NTB Plates are being used and no specific 
directions have been given up to this time for 
processing such plates having a thickness of 100 
or greater. 

During the course of the present investigation, 
a large number of variations were made in the 
composition of the processing solutions as well as 
in conditions, times, and temperatures of the 
processing steps. No attempt will be made to 
describe in detail the results of these variations. 

The optimum developing process was found to 
be essentially that recommended by Dilworth et al.,! 
and in Technical Report OANAR-29-48.2 This 
consists in initiating development in a low tem- 
perature developing solution and allowing the tem- 
perature to rise slowly to complete development, 
checking development by the use of a cold stop 
bath, and initiating fixation at low temperature and 
later allowing it to proceed at a higher temperature. 
Uniform development from the top to the bottom 
of the plate was generally (although not always) 
obtained. 

There are a few general observations which may 
be of interest. It was observed that prehardened 
emulsions had a greater tendency than untreated 
plates to strip off the glass base. Presoaking plates 
in water before low temperature development 
caused additional background fog in some cases, 
and there appeared to be no advantage gained by 
the presoak. No special equipment was used in the 
developing; the plates were bathed in photographic 
trays resting in a low temperature brine bath at the 


1 Dilworth, Occhialini, and Payne, Nature 162, 102 (1948). 

2 Unclassified. Office of Naval Research, London Branch; 
Office of the Assistant Naval Attaché for Research, America 
Embassy, London, England. 
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start, and the trays were then removed from the 
brine bath and were either allowed to warm up or 
were placed in a warmer bath to bring them up to 
the desired temperature. In the stopping, fixing, 
and washing operations, the plates were held in a 
vertical position in a small stainless-steel rack. In 
some cases during the stopping operation, the stop 
bath was agitated by bubbling through it nitrogen 
which had been passed through an ordinary jacketed 
Biichner funnel in order to produce a stream of 
small bubbles. 

The experiments indicate that strong nitrogen 
agitation can be generally recommended during the 
fixing operation. The rates of fixation were in- 
creased as much as twofold by its use, and in no 
case were any harmful effects observed. Some ex- 
periments indicate that the use of air agitation 
during fixation is inadvisable because of possible 
oxidation of the smaller developed silver grains. 
When fixation was carried out at other than room 
temperature, water or brine at the desired tem- 
perature was pumped through the jacket of the 
Biichner funnel. A few experiments were made with 
ammonium thiosulfate, but this agent appeared to 
dissolve some of the finer grains and is not recom- 
mended. 

In the present work, exposures were made to the 
following sources of ionizing particles: (1) protons 
of energy 1 to 2 and 7 Mev,? (2) neutrons from a 
paraffin-jacketed radium-beryllium source, (3) elec- 
trons from beta-rays in the range 0.3 Mev as well 
as those obtained from 190-kv x-rays, and (4) alpha- 
particles having an energy of 5.3 Mev derived from 
polonium. 

The following procedures should develop to a 
fairly high degree every track, including electron 
tracks, in an exposed Eastman NTB Plate having 
thickness in the range 100 to 175y:*** 


Development.—Soak in D-19**** (1:1) at5°C for 
30 minutes. No agitation. Add 2 parts of water 
at 20°C to D-19 (1:1) and allow to stand in a 
20°C bath for 30 minutes. 

Stop Bath.—Two percent acetic acid at 5°C. 
30 minutes’ strong agitation. 

Fixation.—Soak in 30 percent sodium thio- 
sulfate solution (hypo), with no agitation, at 5° 
for 15 minutes. Then continue in 30 percent hypo 


3 We are indebted to the University of Rochester for the 
use of their cyclotron for making these exposures and, in 
particular, to Mr. J. F. Norton, of the Physics Department. 

*** Eastman NTB Pilates are light-sensitive and should be 
handled in the light of a Wratten Series 2 Safelight. 

**#* Formula for D-19 Developer: 


Water, about 125°F (50°C) 500 cc 
Elon 2.2 grams 
Sodium sulfite, desiccated 96.0 grams 
Hydroquinone 8.8 grams 
ium carbonate, monohydrated 56.0 grams 
Potassium bromide 5.0 grams 
Cold water to make 1.0 liter 


Dissolve chemicals in the order given. 
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at 20°C, with strong agitation (nitrogen), for 5 
minutes longer than time required to clear. 
Approximate time required to clear, with strong 
agitation: 


100u NTB (81 percent Ag halide) 4 hour; 
160u NTB (81 percent Ag halide) 1 hour. 


Wash.—Wash in cool running water at least 
one hour. (An even longer wash is helpful in 
removing dye stain.) 

Dry.—Dry at 20°C, preferably where there is 
circulating air. 


In some cases it is desirable to weaken develop- 
ment in order to bring out certain desirable charac- 
teristics of tracks for identification or counting 
purposes and also to leave undeveloped tracks 
caused by particles having lower energy than those 
being specifically studied. Several procedures for 
developing a plate in which the grains of a 7-Mev 
proton track are resolvable are as follows: 


Develop in D-19 (1:1) at 5°C for 10 minutes— 

no agitation. Add 2 parts water; let stand at 

20°C for 5 minutes; stop, fix, and wash according 
to the recommended procedure. 

Develop in D-19 (1:3) at 5°C for 60 minutes— 
no agitation. (No development at higher tem- 
perature.) Stop, fix, and wash according to 
recommended procedure. 


Development conditions intermediate in activity 
between the recommended procedure and’ those 
just given can be most easily obtained by varying 
the time of development at either or both tem- 
peratures given. By suitable variation it should be 
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possible to develop tracks made by particles of 
widely different energies. 

Experiments were made with Eastman NTB 
Plates in the thickness range 200 to 260 uw. Recom- 
mendations for their development are similar to 
those made for the thinner plates and are given 
below: 


Development.—Soak in D-19 (1:1) at 5°C for 
45 minutes—no agitation. Add 2 parts water at 
20°C. Allow to stand at 20°C for 45 minutes. 

Stop Bath—Two percent acetic acid at 5°C— 
30 minutes’ slight agitation. 

Fix.—Soak in 30 percent hypo at 5°C for 30 
minutes—no agitation. 30 percent hypo at 20°C, 
with strong nitrogen agitation, for 5 minutes 
longer than time required to clear. Approximate 
time required to clear NTB Plates (81 percent 
Ag halide), using strong nitrogen agitation: 

200u NTB (81 percent Ag halide) 13 hours; 

250u NTB (81 percent Ag halide) 3 hours. 

Wash.—Wash in cool running water at least 
two hours. 

Dry.—Dry at 20°C, preferably with circulating 
air. 

The above procedure should give satisfactory 
electron tracks. For proton tracks, the period of 


development should be reduced by approximately 
60 to 70 percent. 
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The protons resulting from the deuteron bombardment of 
C2 have been studied in some detail, with particular emphasis 
on the variation of the intensity of the long-range protons 
with energy and angle. Excitation curves at three fixed angles, 
one forward, one backward, and one at 90° to the beam, show 
peaks which in some cases agree in energy with one another 
and with neutron and gamma-peaks observed in the same 
bombardment elsewhere. In other cases, however, there is no 
peak on one mode of observation at an energy where one ap- 
pears in another. In some cases peaks in different modes of 
observation which do not quite coincide in energy are so close 
together that it seems reasonable to attribute them to the 
same virtual level of the compound nucleus, and the existence 
of the small energy discrepancies is discussed. Two shorter 


range groups of protons are studied less extensively because 
they penetrate the thin windows only at high bombarding 
energies, and their range coincides with that of the scattered 
deuterons at some bombarding energies. The two short range 
groups indicate excited states of C¥ at 3.12 and ‘3.91 Mev. 
A possible low excited state near 0.8 Mev, suspected from an 
alpha-induced reaction, is not confirmed. The transition to it 
cannot be shown to be absent but only weak because protons 
indicating its existence could be masked by protons observed 
from an oxygen impurity. Of the three angular distributions 
observed in detail, the one at the lowest bombarding energy is 
the simplest, in keepirg with the expectation that only deu- 
terons of low angular momentum penetrate at low energies. 





BSERVATION of the various ranges of pro- 
tons from the nuclear reaction C!*(d, p)C® 
yields information about the compound nucleus N* 
in resonant states having an excitation of somewhat 
more than 10 Mev, and information about the 
transitions from these states of the system to the 
states of C plus a proton. It also yields directly 
information about the energy of excitation of the 
more interesting low states of the produce nucleus, 
and more indirectly it might with sufficiently 
penetrating interpretation yield information about 
other physical properties of these states. 
Resonances in the production of protons, neu- 
trons, and gammas by the deuteron bombardment 
of carbon have been investigated at the Rice Insti- 
tute’? and at the University of Minnesota.** The 
protons were observed! at 90° to the incident beam 
and at bombarding energies up to 1.8 Mev. Fair 
but not complete agreement was found between 
the positions of the proton, neutron, and gamma- 
resonances. In the most recent work of these in- 
vestigations a slight discrepancy was discussed be- 
tween the energies of a gamma-peak and a neutron 
peak which seemed to arise from resonance with the 
same “virtual state” of the compound nucleus N*. 
Neutron energies were measured at two angles and 


* Johns Hopkins University, Baltimore, Maryland. 

** Carnegie Institution Fellow. 

*** Brookhaven National Laboratory, Upton, Long Island, 
New York. 

1 Bennett, Bonner, Hudspeth, Richards, and Watt, Phys. 
Rev. 59, 781 (1941). 

2W. E. Bennett and T. W. Bonner, Phys. Rev. 58, 183 
(1940); T. W. Bonner, E. Hudspeth, and W. E. Bennett, 
Phys. Rev. 58, 185 (1940); Bennett, Bonner, Hudspeth, 
Richards, and Watt, Phys. Rev. 59, 781 (1941); W. E. Ben- 
nett, and H. T. Richards, Phys. Rev. 71, 565 (1947). 
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62, 80 (1942). 

4C. L. Bailey, G. Freier, and J..H. Williams, Phys. Rev. 
73, 274 (1948). 


the peaks of the excitation curve of forward neu- 
trons show more resemblance to the gamma-peaks 
than do those of the neutrons observed at right 
angles to the incident beam. 

In the present investigation, the excitation 
curves for the long range protons from deuteron 
bombardment of C!* have been observed at three 
different angles for bombarding energies between 
0.8 and 3.6 Mev, and the resonance peaks of these 
curves are found to coincide in most cases with some 
of those observed for neutrons or gammas. More 
complete angular distributions of the long range 
protons have been observed at three energies, and 
the distribution in range of the protons have been 
observed at several bombarding energies. The 
latter measurements confirm the existence of two 
excited states of the residual nucleus C", and give 
their excitation energies as 3.12 and 3.19 Mev. 
The values previously inferred’ from cloud-cham- 
ber work on this reaction and from the reaction 
B'(a, p)C® were 3.18 and 3.95 Mev. The latter 
reaction® also indicates the probable existence of an 
excited state of C at about 0.8 Mev, of which no 
trace is found either in the present or the earlier 
work on C(d, p)C®. 


METHOD OF MEASUREMENT 


The apparatus and techniques employed in this 
investigation are essentially the same as used in 


5 W. F. Hornyak and T. Lauritsen, Rev. Mod. Phys. 20, 
191 (1948). : 

6W. Jentschke and L. Wieninger, Physik. Zeits. 41, 524 
(1940), O. Merhaut, Phys. Zeits. 41, 528 (1940), but not ob- 
served by Joliot and Zlotowski, J. de phys. et rad. 9, 393 
(1938). Zlotowski, Comptes Rendus 207, 148 (1938). The 
latter references record the long range group as more energetic 
than in the former references, and on this basis the value 
0.6 Mev for the energy of the excited state deduced from the 
former references is raised to 0.8 Mev the summary chart in 
reference 6. 
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Fic. 1. Proton groups and scattered deuterons from a thin 
graphite target with a silver leaf backing. Reaction C"(d, p)C%, 
angle 132.5°. 


earlier investigations’ of the similar (d, p) reaction 
in O'6 and subsequently in the (p, a) and (d, a) 
reactions in the two lithium isotopes. The target is 
contained in a circular chamber having nine thin 
windows at various angles, and a proportional 
counter having a thin window over a small aperture 
is mounted in such a way that the air path outside 
any of the windows may be accurately adjusted. 
The deuteron beam was obtained from the large 
statitron at the Department of Terrestrial Mag- 
netism, and the accelerating potential was regulated 
by manual adjustment of the charging current 
following null indications on an oscilloscope from 
the generating voltmeter, after setting the compari- 
son voltage on the generating voltmeter to the 
required value. The demands on the manual ad- 
justment were much less exacting than in previous 
work with this statitron, because the installation 
of a rectifier in the dome, to supply the return 
charging current in place of the usual induction 
scheme (‘‘current doubler’’), had a marked steady- 
ing influence. 

' The proportional counter was for most of this 
work filled with argon to a pressure of 5 cm and 
had an air-equivalent thickness of about 3 mm. 
Discriminator bias was set so that the peaks in 
range curves for the short range proton groups of 
which the straggling is small were not much wider 
than this, which probably means that the bias re- 
quired the maximum of the specific ionization 
curve of a given proton to be practically within the 
sensitive volume of the counter. Relative intensities 
as given in this paper are measured only by peak 
heights, as has also been done in earlier papers 
where the variation of ranges studied was not so 
extreme as here. With the extreme variation of 
ranges here encountered, the peak height is not a 
completely reliable measure of the relative intensity 
of a given proton group, because the protons of a 


(194 sy P. Heydenburg and D. R. Inglis, Phys. Rev. 73, 230 
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Fic. 2. Proton groups from two excited states of C!%, o¢ 
curring in the reaction C"*(d, p)C"*, for two deuteron energies, 
angle 132.5°. 


longer range monoenergetic group have a greater 
spread in range, i.e. more straggling, and one would 
have to integrate over a wider peak of a distribu- 
tion-in-range curve, or over a wider peak in a 
Bragg curve (with an arbitrary cut-off), to count 
all the protons of the group. Intensities as we give 
them, measured by peak heights, are thus relatively 
somewhat too small for the longer-range proton 
groups, but this does not affect the positions of 
resonance peaks or the survey of angular dis- 
tributions. 


OBSERVATION OF PROTON RANGES 


Targets were pfepared on a backing of thin 
silver leaf, in order to make possible observation 
at angles near the forward direction by penetration 
of the backing, and at the same time to minimize 
the difficulties of discriminating against scattered 
deuterons. In some of the early measurements, 
india ink was used in making the targets, but the 
final measurements were made on targets prepared 
by coating the backing with fine graphite a. 
suspended in very dilute shellac. 

For the observation of protons down to as low 
an energy as possible, thinner windows than usual 
were mounted both on one of the windows of the 
target chamber and on the aperture of the propor- 
tional counter. Aluminum foil nominally 0.00025 
inch thick with an air-equivalent thickness of 1.14 
cm was used. The aperture of the counter was small 
enough that this thin foil could be used unsup- 
ported, but on the target chamber it was supported 
by a perforated plate. 

Observations of the shorter ranges were made ata 
backward angle, 132.5°, because the scattered 
deuterons are fewer rece. The intensity of the 
product protons and scattered deuterons at this 
angle as a function of their range is shown in Figs. 1 
and 2. The positions and approximate intensities 
of the various groups are shown throughout the 
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entire range interval 1 to 30 cm in Fig. 1. (This 
curve is a summary of results observed at two 
slightly different bombarding energies, and at 
neither of them were careful observations made of 
the peaks O; and O, which arise at least primarily 
from the O!4(d, »)O"” reaction in an oxygen impurity, 
so they are drawn schematically on the basis of 
measurements made under other conditions.) 
Figure 2 shows the short range portion of such 
curves for two bombarding energies, 3.15 and 3.25 
Mev, each high enough to permit observation of 
the second endoergic peak, P3. The exoergic long 
range peak P; leading to the ground state of C® 
is lower than the short range peaks P, and P; lead- 
ing to excited states of C", but it is also broader as a 
result of straggling and represents a comparable 
number of protons. The peak marked Dag is due 
to the elastically scattered deuterons from the 
silver leaf and the peak marked Dg is due to these 
scattered from carbon. The peaks marked O; and O» 
are the protons from the reaction O'*(d, p)O"” in an 
oxide layer that seems always to be present. 
The relative intensities of these two oxygen groups 
are well known from earlier work in this laboratory’ 
and the close agreement of the ratio with that 
measured earlier without an appreciable amount of 
carbon present seems to indicate that the peaks 
consist entirely of protons from the oxygen reac- 
tion, without more than a very weak contribution 
from protons leadihg to a possible low excited state 
of C8, The short range peak P; could be observed 
only through this small range of bombarding ener- 
gies because of lower energies it does not penetrate 
the windows and at the higher attainable energies 
it merged with the deuteron peak. Similarly, the 
range of bombarding energies over which P2 could 
be measured was limited on the low side at about 
2.5 Mev by the approach of the deuteron peak Dc. 
At considerably lower energies they are separated 
again, and in Fig. 10 of reference 1, the peak P, 
is shown on the other side of the deuteron peak at a 
bombarding energy of 1.47 Mev. 


EXCITATION CURVES 


The excitation curve for the proton group P32 is 
shown in Fig. 3, and exhibits resonances at bom- 
barding energies of 2.72 and 3.20 Mev. The two 
points plotted separately on the same figure repre- 
sent the intensities of the shortest range proton 
group P; at the two energies at which it was ob- 
served. Their relative position suggests the proxim- 
ity of a sharp peak. 

For the long range protons it was possible to 
make observations over wider ranges of energy and 
angle. Excitation curves of the long range protons 
have been observed over the energy interval from 
0.8 to 3.6 Mev, and at the three angles 10°, 90°, 
and 132,5° to the incident beam. These excitation 
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curves are shown in Fig. 4. That they are quite 
dissimilar is not to be considered surprising, in the 
light of the rather rapid changes in angular distri- 
butions that are known,’ for example, in the an- 
alogous reaction O'*(d, p)O!7. It is nevertheless in- 
terefting to note that there is only one case where 
the same resonance energy is clearly indicated at 
all three angles, and that is the lowest energy peak 
at 0.93 Mev. Furthermore, there is no coincidence 
with the peaks shown in Fig. 3 for the shorter range 
proton group. 


DISCUSSION OF THE RESONANCE PEAKS 


The natural extension of the usual interpretation 
of excitation curves is to assume that the peaks in 
the various excitation curves shown in Figs. 2 and 3 
each indicate the presence of virtual energy levels 
in the compound nucleus N", but that not all of 
these levels make their presence felt in the observa- 
tions at each angle. On the basis of this assumption, 
to which we subscribe only with reservations as 
discussed below, the virtual energy levels indi- 
cated by the proton resonances are shown in Fig. 5, 
in which the excitation curves of Figs. 3 and 4 are 
also sketched, and the transitions from these levels 
to the ground state of C™ and to the state near 
3-Mev excitation corresponding to the observed 
proton resonances are indicated by the sloping full 
lines. The sloping broken lines indicate transitions 
to the excited state, presumably the state at about 
3-Mev excitation, inferred from the observations 
of gamma-resonances.'4 It is gratifying that most 
of the virtual states indicated by the proton reso- 
nances are also detected by gamma-resonances. 
There is one virtual level detected by a gamma- 
resonance but not by a proton resonance, at 1.30- 
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Fic. 3. Excitation curve for C(d, p)C™* for the short range 
proton group, P:. The two points indicated by squares repre- 
sent the only observations made on the proton group P3. 
Observations were made at 132.5° (lab. systems of coordi- 
nates). 
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* Fic. 4. Excitation curve for C"(d, p)C® for the long range 
proton group, P:. Observations were made at three observing 
angles, 10°, 90°, and 132.5° (lab. system of coordinates). 


Mev bombarding energy, and this is shown by a 
broken horizontal line in Fig. 5. 


COMPARISON OF RESONANCES IN THE 
VARIOUS REACTIONS 


Although the resonances appearing in one ex- 


citation curve do not in most cases appear in all 
the other excitation curves obtained by observing 
in various ways the reactions obtained by deuteron 
bombardment of C, it is of some interest to note 
the number cf instances in which the same reso- 
nance does appear several times. In Table I, the 
first three columns give the long range proton 
resonances which are the main subject of this 
investigation, column (1) at 10°, column (2) at 90°, 
and column (3) at 132.5°. Column (4) gives the 
two resonances observed for the short range pro- 
tons. Column (5) gives the gamma-resonances, 


TABLE I. Comparison of proton, gamma-, and 
neutron resonances. 








(2) (3) (4) (5) (6) 
90° 132.5°S.R., 132.5° y | N,O° 


0.94 0.94 0.92 0.92 
1.16* 1.15 1.16* 


1.24 1.22 
1.30 1.30 
(1.44)* 1.43 
1.66 
(1.74)* 1.75 





ana 
whic 
SORHAW 


> 
ve) 


(1.74)* 
1.79, 1.82* 


COONIAME WHR 


2.35 


WESC OmIDNwWRLOwIOS 
RM SHRaSRnseesssagz 





INGLIS, WHITEHEAD, 





JR., AND HAFNER 

column (6) the forward neutron resonances, and 
column (7) the right-angle neutron resonances, as 
reported in reference 4. The numbers entered in 
columns (2) and (6) marked with an asterisk (*) 
are instances of resonances reported in reference 1 
which did not appear as resolved peaks in the later 
work. Those enclosed in parentheses were not very 
clearly resolved in reference 1 either. The column 
headed E, gives the mean energy, or resonant en- 
ergy, of each group of resonances ascribed to the 
same level. Toward the end of the table this 
grouping of the observed results into levels becomes 
rather arbitrary, and in the most questionable case, 
at 2.66 Mev, four results are grouped together which 
cover a spread of 0.04 Mev and the distance to an 
adjacent level is only 0.06 Mev. In reference 4 two 
cases were discussed of an apparent shift of the 
energy at which a resonance appears in neutron 
observation as compared with gamma-observation. 
In our listing in Table I, we have removed the 
question in these instances by attributing the 
resonances to different levels, in the one case to 
levels 7 and 8, in the other to levels 17 and 18, 
This was done on the grounds. of comparison with 
other data, mainly from reference 1, but admittedly 
remains open to doubt. Even if, as we assume, so 
many levels exist that the question does not arise 
in these instances, there is a similar but smaller shift 
in our observations of the long range proton reso- 
nances at different angles, for example in level 3 
and 13, and this makes it seem likely that such 
shifts could in principle be found also between 
resonances involving different product particles. 


DISCUSSION OF THE SMALL DISCREPANCIES OF 
NEARLY COINCIDENT RESONANCES 


It is apparent from the construction of Table | 
that there exists a legitimate question how far it is 
permissible to go in tolerating small differences 
between resonance peaks to be ascribed to the same 
level. In pursuing the ideal of finding complete 
agreement and unique specification of the levels, 
it should be remembered that the theoretical basis 
for the existence of ‘‘virtual levels’ and their role 
in the dispersion formula leads one to expect them 
to manifest themselves by resonances at a unique 
position only when they are far apart compared with 
the level widths. The existence of angular distribu- 
tions having a fore-and-aft asymmetry in reactions 
such as the one here studied is evidence of inter- 
ference between the contributions of different 
levels and of the way this interference can be con- 
structive in one direction, or in one mode of ob- 
servation, and destructive in another at the same 
bombarding energy. The relative contributions of 
the interference terms can vary quite rapidly with 
energy as one passes through the neighborhood of 
one of the levels concerned, and this can result in 
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‘the appearance of a ‘peak in the intensity of one 
mode of observation on one side of an assumed level 
and in another mode on the other side. (In another 
manner of thinking of the meaning of virtual 
levels, they have a meaning only in terms of the 
mode of observation.) 

In the light of the expectation that a level may 
manifest itself by resonance peaks at slightly 
different energies in different modes of observation, 
it seems preferable to ascribe the four resonances to 
level 13, as listed in Table I, for example, rather 
than to assume two or four different levels for the 
purpose. It may be that one should go further in 
this process of amalgamation, for example, com- 
bining levels 7 and 8 as was assumed in reference 4, 
but a decision on this point would involve a study 
of the plausibility of various assumed level widths 
and their behavior in the many-level dispersion 
formula. 

One would perhaps expect the failure of a level 
to manifest itself in a given mode of observation to 
be a rarer event than it is according to the level 
assignment scheme of Table I, especially toward the 
high energy end of the observations. It would be 
more satisfactory if it could be shown to be plausible 
that the interference effects are sufficiently effective 
to disperse the observed resonances as widely as 
observed among fewer assumed levels. It might 
even be shown to be plausible to go so far as to 
attribute the peaks listed for levels 19, 20, and 21 
to a single level (that is, to the predominant in- 
fluence of one level interacting with its neighbors) 
and similarly, to combine levels 15, 16, 17, and 18 
and levels 13 and 14. The spacing of peaks in a 
single mode of observation precludes going further 
in this region. Levels 2, 3, and 4 and levels 7 and 
8 could perhaps be amalgamated in the lower energy 
region. This would leave a minimum of thirteen 
levels in place of the twenty-one listed. 


PROTON RANGES AND ENERGY RELEASE 
OF THE REACTION 


Proton ranges are measured to the position of the 
window of the proportional counter when it was 
set to record the maximum intensity of large pulses, 
which we assume to mean that the sensitive volume 
of the chamber straddles the maximum of the 
Bragg curve. Part of the path is in the two alumi- 
num windows, and in observations of the long range 
group additional aluminum absorbers were used 
in order to keep the counter reasonably near the 
target for the sake of intensity. The thickness. of 
the absorbing foil material was determined in 
mg/cm? by observing the difference in positions of 
the counter when set at the peak intensity of 
scattered protons first with and then without the 
absorber in place just outside the target-chamber 
window. The energy of the protons scattered from a 
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silver leaf was known from the bombarding energy 
and scattering angle. Foil thickness was ascer- 
tained from the observed equivalent air path at the 
same energy by reference to the careful observa- 
tions of the Wisconsin group® both on the range- 
energy relation in air and on the range-energy 
relation in Al. Their data and our data in air were 
reduced to 15°C. Their energies, presumably based 
on the old determination of the Li’(p, a) resonance 
as 440 kev, were transformed to the scale® based 
on 446.5 kev, before plotting range-energy curves 
from their data, in order to retain consistency with 
our bombarding energies which are based on the 
newer scale. 

The protons used to measure the thin foil ma- 
terial employed as windows had an energy of 1.454 
Mev after scattering, or a range of 4.113 cm before 
hitting the first window (taken tentatively to have 
an air-equivalent thickness of 1.135 cm as observed 
directly for an adjacent energy interval) and an air 
range of 2.98 cm or energy 1.197 Mev on emerging 
from the first window and hitting the test absorber 
in one case or the equivalent air column in the other. 
The air difference between the two cases was 1.135 
cm, which from the air range-energy curve means 
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Fic. 5. Energy levels and transitions for the compound 
nucleus N™ and the final nucleus C". 


8 Parkinson, Herb, Bellamy, and Hudson, Phys. Rev. 52, 
75 (1937). 

9A. O. Hansen and D. L. Benedick, Phys. Rev. 65, 33 
(1944). 
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that the protons emerged from the air-equivalent 
column with 0.891 Mev. The difference in Al 
ranges between 1.197 Mev and 0.891 Mev gives the 
Al thickness 0.645 10-* cm, or 1.735 mg/cm?. The 
corresponding figures encountered in the determi- 
nation of the thickness of the thicker Al foil used 
as absorber are, proton energy after scattering 2.18 
Mev, on emerging from window 0.645 10-? cm 
thick, 1.99 Mev (estimated by slight extrapolation 
of Wisconsin data), 6.93 cm air range, 4.23 107% 
cm Al range; measured thickness of equivalent air 
column, 4.99 cm, after which air range 1.94 cm, 
energy 0.91 Mev, Al range 1.27 10-* cm, foil 
thickness 2.96 10-* cm or 7.98 mg/cm? (to be com- 
pared with 2.91X10-* cm from weighing and 
2.93X10-* cm from micrometer measurement). 
At the nominal conversion factor, suggested by 
Livingston and Bethe,!° 1.52 (mg Al/cm?*) per cm 
air equivalent, this gives an air-equivalent thick- 
ness of 5.25 cm, to be compared to 4.99 cm meas- 
ured directly in a region where the effects of low 
energy behavior are beginning to be felt. The un- 
corrected data are included in this discussion and 
in Table II below because the conversions are sub- 
ject to revision after more extensive measurements 
are made of the range-energy relations. (These 
rather elaborate conversions are applied at a time 
when the statitron is undergoing alterations and is 
not available for more direct measurement of the 
quantities involved.) 

The short range protons have energies in the 
range covered by the range-energy curves based on 


TABLE II. Observed air ranges and conversion of foil thickness. 
6 = 132.5°. 








Proton group 


E/Mev 

Foils of 7.98 mg/cm? 

Foils of 4.13 mg/cm? 

Al at end of path, mg/cm? in- 
cluding counter window, 1.74 
and Al equiv. of gas in cham- 
ber 0.23 

Cm air equiv. of same, at 1.52 
(mg/cm?) /(cm air) 

Correction from Fig. 34 of ref- 
erence 8 

Mev on entering Al, from Wis- 
consin data 

Calc. air equiv. of window+gas, ‘ .93 
cm, from Wis. data 

—" path, cm, reduced to 
1 ° 





1,12 38 
1.14 1.14 
0.20 0.20 


Air equiv. of target-chamber 1.14 
window 
Peak of Bragg curve to extrap. 


mean range 


0.20 


27.94 
4.46 
2.83 


3.54 
1.33 
—0.43 


2.65 
1.11 
—1.19 


Tota! air range, cm 
E:/ Mev 


Q/Mev 








10M. S. Livingston and H, A, Bethe, Rev. Mod. Phys. 9, 
245 (1937). 
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the Wisconsin data, and theSe curves are used for’ 
determining the energies of both the short range 
groups, as outlined in Table IJ. The long range 
protons fall outside the range of these directly 
measured range-energy curves, and their energies 
may be estimated fairly simply by use of the range- 
energy curve given in reference 10, after converting 
from Al range to air range by use of the nominal 
conversion factor 1.52 (mg Al/cm?) per cm air 
equivalent and by application of the correction 
plotted in Fig. 34 of reference 10 for the variation 
of the air equivalent of Al with residual range. This 
estimate is, however, doubtful because of the gross 
disagreement of this curve with the Wisconsin 
data at low energies. The energy release for the 
formation of long range protons found in this way 
is Q,=2.83 Mev as outlined in Table II. Because 
differences between high energy values of the 
aluminum-conversion correction, Fig. 34 of refer- 
ence 10, are probably more reliable than the correc- 
tions themselves, we have tried to improve on this 
estimate by converting the lower energy end 
(3.65 X10-* cm) of the final aluminum path by use 
of the Wisconsin data, and the higher energy part 
by Fig. 34 of reference 10. This latter correction 
must be applied doubly in a case like this, being 
added for the total aluminum path and subtracted 
for the end of the part of the aluminum path thus 
converted, in keeping with footnote 4 of reference 
10. This " gives for the long range group a range of 
27.01 cm. The energy release is Q,;=2.72 Mev, 
which is to be compared with the value 2.71 Mev 
reported in reference 1. For the two shorter range 
groups, after averaging over data at two bombard- 
ing energies, we find Q,.=—0.40 Mev and 
Q3= —1.19 Mev. 

With these Q-values we have indication of ex- 
cited states of C' at 3.12 and 3.91 Mev. These are 
to be compared with the excitation energies 3.18 
and 3.95 depicted in reference 5, presumably as an 
average over rather discrepent values from® the 
reaction B!%(a, p)C and from the earlier work!” 
on the reaction C(d, p)C¥%. The (d, p) reaction 
would seem more suitable for determining these 
excitation energies than the (a, p) reaction with 
natural alphas because of the better geometry 


1 The same method of converting aluminum path to air 
path has been used in a redetermination of the Q values for 
the two proton groups of O'*(d, p)O!”. For the short range 
group, data taken at five bombarding energies in steps of 0.5 
Mev from 1.0 to 3.0 Mev, employing from zero to two alumi- 
num foils 2.92 10-3? cm thick, yielded values of Qs... varying 
from 1.01 to 0.98 Mev, averaging 0.99 Mev. For the long 
range group, with four bombarding energies from 1.5 to 3.0 
Mev and with two or three foils, Qi... varied from 1.89 to 1.93 
Mev, averaging 1.90 Mev. These values are smaller than 
reported in reference 7, but within the experimental uncer- 
tainty there quoted. The best value for the excitation energy 
of the excited state now seems to be about 0.90 Mev. 

a 936) D. Cockcroft and W. B. Lewis, Proc. Roy. Soc. 154, 261 
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that is practicable with accelerated particles. The 
present determination would seem more reliable 
than the earlier determination of the excitation 
energy of the state corresponding to P2, which was 
3.234Mev based on Q;=2.71 from reference 8 
and Q2=0.52 Mev from reference 1 (obtained by 
cloud-chamber observations), because our measure- 
ments use the same methods of observation and the 
same apparatus for both proton groups. The ac- 
curacy of our determination is limited mainly by 
the necessity of translating ranges to energies, and 
by uncertainty in the energy dependence of the air 
equivalent of Al. 

The excited state at roughly 0.8 Mev above the 
ground state of C, the existence of which is 
inferred from observations of Merhaut® on the 
reaction B!(a, p)C, has failed to contribute a 
proton range in our observations. The oxygen peaks 
P, and P2 occur at ranges which would correspond 
to about 0.7- and 1.6-Mev excitation energy, re- 
spectively, in C!*, In order to investigate the possi- 
bility that there is a carbon peak masked by P,, 
observations of the relative intensity of P; and P, 
were made at a bombarding energy of 2.2 Mev, 
where this ratio has a minimum for an oxide target, 
and close agreement (within 7 percent) was ob- 
tained with the ratio previously observed in this 
laboratory,’ indicating that any carbon peak in this 
region and at this bombarding energy must be not 
more than about 1 percent as intense as P. 


ANGULAR DISTRIBUTION OF THE LONG 
RANGE PROTONS 


In our earlier work on the similar reaction 
O'6(d, p)O"” we concentrated on the measurement 
of angular distributions at reasonably small energy 
intervals, and from these and a 90° excitation curve 
could be deduced rough excitation curves at other 
angles. In the present work on C!?(d, p)C™ we have 
studied in more detail the excitation curves at three 
angles, one forward, one backward, and one at 90°, 
and from these a rough indication may be obtained, 
by only three points, of the angular distribution 
curves at various energies. In either case we are 
trying to describe an irregular surface in space 
representing a function of two variables, and it is 
merely a question of which way we slice it to display 
the irregularities of the surface. In addition to the 
three energy cuts shown in Fig. 4, we have ob- 
served three angle cuts, that is, three angular 
distributions of the product protons, as shown in 
Fig. 6. These angular distributions were observed at 
the energies 1.67 Mev, which is practically the 
energy of the sharpest of the peaks in the 10° 
excitation curve, 2.82 Mev, which is in a region 
between peaks on the proton excitation curves but 
at a peak on the 90° neutron excitation curve, and 
2.98, which is practically on another sharp peak 
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Fic. 6. Angular distributions for the long range proton group 
P, at three bombarding energies. 


in the 10° excitation curve. The transformation to 
the center-of-mass system has been applied both 
to the relative intensities plotted in the excitation 
curves of Fig. 4 and to the angular distribution 
data plotted in Fig. 6. 


DISCUSSION OF THE ANGULAR DISTRIBUTIONS 


At the energy of the first angular distribution 
observed, 1.67 Mev, there is a sharp 10° peak, a 
less pronounced 90° peak, and in the 132.5° curve 
a weak indication of resonance, partly obliterated 
by the presence of a much stronger peak at a 
lower energy. This angular distribution bears 
semblance to a curve of the form 1+A cos’é, This 
is what one might expect of a resonance with a 
state of the compound nucleus of odd parity: the 
target nucleus C” is of course assumed to be even 
as is also the deuteron and a compound state of odd 
parity would require the entrance of p, f,... 
deuterons, of which only » deuterons would enter 
easily at the lower bombarding energies. Entering 
p deuterons would allow the outgoing protons to 
have an angular distribution no more complicated 


‘than 1+A cos?6. 


The three proton peaks of level 1 at 0.94 Mev 
seem to indicate an angular distribution which 
rises at least slightly on both sides of 90° but which 
is predominantly backward. This might be a 
resonance with an odd compound state, requiring p 
deuterons for its formation, but in the neighborhood 
of a broad even state (with j7,=1) formed by the 
penetration of s deuterons, so that the interference 
between the two could give rise to the fore-and-aft 
asymmetry. Levels 2 and 3 at 1.16 and 1.23 Mev 
might have angular distributions extremely strongly 
forward and backward, respectively, in such a way 
that the strong one obliterates the weak one in 
Fig. 4. If this is the case, it might be taken as 
evidence that the aforesaid broad even level is 











1154 


centered in this neighborhood, making the inter- 
ference terms especially strong here, and it might 
then also contribute the slight forward emphasis of 
the angular distribution at 1.67 Mev. ° 

The angular distributions at 2.82 and 2.98 Mev, 
in the way they bend down at the ends, show indica- 
tion of the presence of a power of cos@ at least as 
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high as the fourth in the angular distribution. 
This requires the penetration of d or f deuterons, 
depending on the parity of the compound state, 
and this is not unexpected at these high bombard- 
ing energies. It is thus very satisfactory that the 
simplest angular distribution should appear at the 
lowest bombarding energy. 
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The thick-target yield of the reaction 


T+D—a+n+17.6 Mev 


has been measured, using a heavy-ice target, and observations have been made on the angular dis- 
tribution of the a-particles. Experiments have been conducted in the region 15-kev to 125-kev incident 
triton energy. Within this range the angular distribution appears to be isotropic in the center-of- 
gravity system. The cross section for the reaction as a function of energy has been evaluated from 
the thick-target yield measurements. It appears to rise more rapidly with energy than is required by a 


simple Gamow function. 


INTRODUCTION 


HE experiments described in this paper are 

analogous to the D—D experiments which 
have been discussed elsewhere,! and the reader is 
referred to this earlier paper for most of the details 
of apparatus and procedure. Certain modifications 
have been made necessary by difficulties peculiar 
to this experiment, viz., (a) the small amounts of 
tritium available, and (b) the steepness of the 
excitation function for the reaction, which makes 
a factor of about 2-10* between the thick-target 
yields at the highest and the lowest energies em- 
ployed. These modifications are described later 
in the present paper. 

Measurements were confined to observations on 
the a-particles from the nuclear reaction. They 
have an energy of 3.5 Mev and a range of 2.1 cm 
for zero bombarding energy. They were detected 
with the aid of proportional counters, plus ampli- 
fying equipment. 


* This document is based on work performed at Los Alamos 
Scientific Laboratory of the University of California under 
Government Contract W-7405-eng-36. 

** Professor H. H. Staub, now at Stanford University, 
joined in the direction of this research in its later stages. 
Considerable contributions were also made by M. J. Poole, 
F. G. P. Seidl, and H. L. Wiser. 

t Now at the Atomic Energy Research Establishment, 
Harwell, Berks., England. 

tt Now at the Cavendish Laboratory, Cambridge, England. 

1 Bretscher, French, and Seidl, Phys. Rev. 73, 815 (1948). 


The cross section for the reaction has been evalu- 
ated in the usual way. If the thick-target yield per 
unit of beam current at bombarding energy E£ is 
denoted by N(£), then one has 


a(E) =(1/A)-(dN/dE) -(dE/dz), 


where the constant A contains the product of the 
number of incident tritons per unit of beam current 
and the number of deuterium nuclei per cm’ of the 
target. dE/dx is the rate of energy loss of the tritons 
in the target. Some discussion of the energy loss of 
hydrogen nuclei in D,O has been presented by us 
elsewhere."? Numerical values were arrived at 
(and presented graphically in reference 1) for 
dE/dx in D;O vapor. By suitable adjustment of the 
constant A, these values can be inserted in the 
above formula to determine o(£). One finds 


o(E) =2.38-10-*- (dN /dE) - (dE/dx) barn, 


where N(E£) =thick-target yield per microcoulomb 
of incident tritons, 
dN/dE=change of N(E) per kev change of 
bombarding energy, and 
dE/dx =rate of energy loss in kev per cm of 
_tritons in D,O vapor at 1 mm of 
pressure, 15°C. 


2 A. P. French, Phys. Rev. 73, 1474 (1948). 
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EXPERIMENTAL METHOD 
A. Ion Beam 


In the absence of a continuous circulating de- 
vice, the normal type of ion source consumes several 
cc of gas per hour. The amount of tritium available 
for experiments was only a few cc. Accordingly, it 
was necessary to dilute the tritium with hydrogen 
in order to lengthen the period during which meas- 
urements could be made. The degree of dilution 
employed was 1:100. The ion sources used in these 
experiments gave monatomic, diatomic, and tri- 
atomic beams, the diatomic ions composing about 
90 percent of the whole. With such sources, fed 
with a tritium-hydrogen mixture, one has the 
following tritium-containing ions: 


T+, HT*+, H,T*t, Ts+, HTs*, Ts*. 


With a concentration of one percent tritium in 
hydrogen, the only important ions are T+ and HT*, 
and, of the two, HT* has by far the higher intensity. 
Moreover, it is the only ion of mass 4, so that there 
is no uncertainty in interpreting yield measure- 
ments made with the mass-4 beam. (There is one 
qualification to this assertion. If the ion source has 
been previously run for a considerable time with 
deuterium, the D.+-ions contribute to the mass-4 
current. It is in this case necessary to run for a 
while with pure hydrogen before beginning any 
experiments with tritium.) 

The maximum triton energy obtainable with the 
mass-4 beam is, however, only 3 of the total bom- 
barding energy. In order to make full use of the 
high voltage equipment, measurements were also 
made with the mass-3 beam. Although the current 
in this beam was principally due to H;*, experiment 
showed that the triton content of the beam was 
independent of the energy, and could be found by 
comparing the disintegration yields produced by 
mass-3 and mass-4 beams having the same triton 
velocity (i.e., for Er=2Eq7). 


B. Measurement of Beam Current 


In consequence of the dilution of the tritium, 
the target currents of analyzed HT were sometimes 
only a few units of 10-* amp. Measurement of these 
currents with a galvanometer was unreliable, be- 
cause any instrument sensitive enough to measure 
such currents has too long a period to enable it to 
follow small rapid variations of intensity. Use was 
therefore made of a current integrator specially 
designed for the purpose.*** Its calibration did not 
exhibit any deviations due to leakage currents, 
even for input currents as low as 5-10-* amp. 
(For circuit diagram, see Fig. 3, reference 1.) 


*** Designed and constructed by M. J. Poole. 
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C. Counting 


Since the HT+ beam on the target was much 
weaker (by a factor of the order 100) than the 
deuteron beams used in the D—D experiments, 
it was necessary to sacrifice some of the geometry 
of the detecting counters at the lower energies. 
At higher energies, the greater yield of the T+D 
reaction compared to the D+D compensated for 
the deficiency in beam current, and it became 
possible to employ the arrangement described in 
the D—D paper. 

Figure 1 shows the counter and target arrange- 
ment designed for the low energy work (15 to 40 
kev). The counter was provided with 5 holes, 
covered with a mica window of 1 cm in stopping 
power. The window was supported to withstand 
pressure from both sides. The counter was filled to 
30 cm of pressure (A+3 percent Hz) before being 
mounted in position. (This is the same procedure 
as was used for the D+D experiment, but is more 
troublesome here. because the window is much 
weaker.) 

Difficulty was experienced because of the close- 
ness of the counter to the target. The arc filament 
in the ion source was run on a.c. current, and this 
led to a ripple in the magnitude of the beam current, 
which was picked up by the unshielded body of the 
counter. The effect was much reduced by mounting 
a grounded copper screen (see Fig. 1) between the 
counter and the target, but it remained impossible 
to run a target current of more than about 0.1yA. 

The fraction of 4r subtended by the counter 
windows at the target spot was calculated.**** The 
calculation is necessarily crude, because one does 
not know the distribution of current intensity over 
the cross section of the beam. Accordingly, the 
fraction was also obtained experimentally by mak- 
ing measurements of the D+D yield with the same 
set-up. An extra thickness of mica window was 
superimposed so that only the 3.0-Mev protons 
from the D+D reaction could enter the counter. 
The values so obtained could be compared directly 
to the D+D yields observed with good geometry. 
The solid angle fraction thus deduced agreed within 
ten percent of the calculated value. This agreement 
was considered satisfactory ; the experimental value 
of the fraction was used in converting observed 
counting rates into total yields in 47. 


D. Recovery of Tritium 


Various schemes were considered for the recovery 
of the tritium after use. In the end it was decided 
to adopt the simplest possible arrangement, namely, 
to collect the gas in an inverted burette after it had 
passed out to the atmospheric side of the forepump 


_ **** We are indebted to Dr. E. J. Konopinski for the evalua- 
tion. 
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Fic. 1. Experimental arrangement for the yield 
measurements at lower energies. 


of the vacuum system. COz was used to flush out 
the dead volume above the oil in the forepump 
after a run with tritium had been completed. 


FURTHER REMARKS ON THE EXPERIMENTAL 
METHOD 


A. Target Contamination 


In measurements at these low energies, the forma- 
tion of a thin oil film on the surface of the target 
can easily render the results worthless. This is 
especially so in the case of the T+D reaction, 
where the excitation function is very steep. To 
take a specific example, an oil layer of thickness only 
1 microgram per cm? would reduce the energy of a 
30-kev triton beam by about 0.4 kev, and this 
would reduce the thick-target yield of the reaction 
by nearly ten percent. At an oil vapor pressure of 
10-* mm, such a layer would build up in about a 
minute. The need for a very clean vacuum system 
is therefore apparent. 

To lessen target contamination as far as possible, 
several auxiliary cooling traps were installed in the 
vacuum system. These were kept filled with liquid 
nitrogen for a few hours before the target itself 
was cooled. 

Two possible checks on target contamination 
could be applied. The first was simply to observe 
the change with time of the reaction yield for a 
given bombarding energy. The second check was 
more exacting. With a given bombarding voltage, 
the yield was measured as a function of the angle 
between the face of the target (which could be 
rotated) and the direction of the incident beam. 
If an oil film existed, it would thereby be made to 
present a varying thickness to the triton beam, and 
the yield would be changed. No evidence for target 
contamination exhibited itself in either of these 
tests. 


B. Measurement of High Voltage 


The steep rise of the excitation curve for the 
T+D reaction also imposes severe demands on the 
measurement of the bombarding voltage. Consider- 
able attention was therefore paid to this point. 
On the low energy H.T. set, the voltmeter consisted 
of two 20-megohm precision resistors in series with 
a good quality 1-milliamp. meter. For the higher 
energy set a special resistance stack of 300 1-meg- 
ohm precision resistors in series was constructed. 
The voltage across the bottom 1-megohm resistor 
was applied to a 30-microamp. meter in series with 
16.5 megohms of precision resistors. The meters for 
both sets were carefully calibrated. The ratio of 
the two arms of the 300-megohm potential divider 
on the larger set was measured and was found to 
change by only 2 parts. in 1000 before and after 
running the set at 125 kev for an hour. 


SUMMARY OF OBSERVATIONS 
A. Angular Distribution 


The measurements on the excitation function 
were made with the counter in one fixed position. 
For higher energies, with the arrangement having 
good geometry, the angle of observation (measured 
by the angle between the direction of the incident 
beam and the radius joining target to counter 
window) was 90°. With the lower energy arrange- 
ment there was a spread of angle in the neighbor- 
hood of 90°. In order to convert these measure- 
ments into total yields it was necessary to know the 
angular distribution of the a-particles. This could 
be done only with the counter with good geometry, 
which could be rotated about a vertical axis through 
the target. 

Observations on the angular distribution were 
made at two energies, 35 kev and 75 kev. Because 
of the low yields at 35 kev, and the consequent 
heavy consumption of tritium required to achieve 
good statistical accuracy, no detailed measurement 
was attempted. Observations were, however, made 
at six angles between 45° and 150°. It was con- 
sidered that the results justified sufficiently the 
assumption that, for 35 kev and lower energies, thé 
angular distribution was isotropic. 

A much more careful study of the angular dis- 
tribution was made for 75-kev bombarding energy. 
The results are shown in Fig. 2. It may be seen that 
the deviations from isotropy are not more than a 
few percent, and they may well be due to slight errors 
of alignment in the experimental set-up. 


B. Excitation Function 


Given the result of the preceding section, that 
the angular distribution is isotropic in the center-of- 
gravity system, it at once becomes legitimate to 
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TABLE I. Evaluation of the solid angle subtended by. the 
counter window at the target (in the fraction F of 47). 











C(E) 
E A(E)1+4A(E) N(E) C(E) = [1+#A(E)] F 
22.1 0.23 1.08 1.89-108 1.94-10! 2.10-10! 0.0111-+0.0008 
27.0 0.24 1.08 5.35-10%  4.03-10! 4.35-10! 0.0081 +0.0004 
32.2 0.25 1.08 1.22-10 8.15-10! 8.80-10! 0.0072 +0.0003 
40.0 0.26 1.09 2.87-104 2.42-10% 2.64-10? 0.0092 +0.0003 


Mean value of F =0.0088 +0.0008 








determine the excitation function of the reaction 
by making measurements at one angle only. There 
is, in general, a correction by which the observed 
number of particles in the laboratory system is 
converted to an equivalent number per unit solid 
angle in the center-of-gravity system. If the angle 
of observation is chosen to be 90°, the correction is 
never more than one percent for energies less than 
150 kev. Since this represents the conditions of the 
measurements here described, the correction has 
been ignored. The yield of particles in 47 is then 
given simply by the observed counting rate divided 
by the fraction of 4r subtended by the counter 
windows. This simple result holds even for the 
counter with bad geometry, since the a-particles 
are detected in almost equal numbers at angles 
both greater and less than 90°. 

Reference has already been made to the artifice 
of extending the excitation curve to higher energies 
than are attainable with the HT* beam. Figure 3 
shows how the method is applied. On a ““Gamow”’ 
plot, of log N(£) vs. E-}, the yield curves are almost 
straight lines. By making observations on yield per 
microcoulomb of beam as a function of energy for 
both mass-3 and mass-4 beams, one obtains two 
parallel lines, as may be seen from the figure. 
The fact that the lines are parallel shows that the T 
content of the mass-3 beam does not change with 
energy. The distance between the lines on the 
logarithmic plot determines the factor by which 
one must multiply the mass-3 yields ‘to obtain the 
yield per microcoulomb of T+. 

The precise means of determining the solid angle 
fraction for the low energy arrangement perhaps 
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Fic. 2. Angular distribution of a-particles from a thick target 
at 75-kev incident triton energy. 
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merits more detailed description: Counts were 


made on protons from the D+D reaction at four 


different energies. Let C(E) be the count per 
microcoulomb of incident deuterons at energy E. 
Now the angular distribution of protons from the 
D+D reaction is given by 


n(0) =n(90°)[1+A (E) cos?6] 


in the center-of-gravity system. 1(@) and (90°) 
refer to numbers of protons per unit solid angle. 
The count at 90°, as with the T+D reaction, is 
almost unaffected by the conversion from the 
center-of-gravity to the laboratory system. This 
being so, it may readily be verified that the total 
yield of protons, corresponding to an observed 
count C(£) at 90°, is given by 


N(E) =(1/F)-C(E)[1+44 (E)], 


where F is the fraction of 4r subtended by the 
counter windows at the target. N(Z) and A(E£) have 
been independently determined,! so that one can at 
once determine F from the above equation. In 
Table I the results are set out fully. The errors 
quoted for individual values of F in the above table 
are those attributable to statistical fluctuations 
because of the low counting rates obtained with 
the D+D reaction. The total yield of the T+D 
reaction corresponding to an observed count C’(£) 
in the counter is (1/F)C’(B), i.e., 114 C’(E), cor- 
rect to +9 percent. 

In Fig. 4 and in Table II below the collected 
values of thick-target yields are presented, log V(Z) 
being plotted as a function of E~*. This method of 
presentation is convenient because, as has already 
been mentioned, it results in an almost linear plot. 
This has been used in deriving the value of dN /dE. 
A curve of E vs. E-} is also shown in Fig. 4, so that 
N(E) as a function of E may be read from the 
figure without difficulty. Values of N(E) obtained 
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Fic. 3. Comparison of yields per microcoulomb of target 
current produced by mass-3 and mass-4 beams, respectively. 
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Fic. 4. Semilogarithmic plot of the thick-target yield of 
a-particles per microcoulomb of incident tritons, as a function 
of E7~* (in (Mev)-4). 


TABLE II. Thick target yields, N(£). 








ee a RP of E E-3 
kev (Mev)-? N(E) kev (Mev)-? N(E) kev (Mev)-? N(E) 





15.0 8.16 2.90-10% 47.5 4.59 1.97-106 80.8 3.52 1.65-107 
18.1 7.44 9.61-103 50.9 4.44 2.47-106 84.4 3.44 1.76-107 
21.1 6.89 3.34-10 54.9 4.27 3.64-106 87.1 3.39 1.95-107 
24.1 6.44 5.42-10! 58.2 4.15 4.20-106 95.0 3.25 2.75-107 
27.2 6.06 1.45-105 64.3 3.94 641-106 105.6 3.08 4.01-107 
30.2 5.76 2.22-10° 69.1 3.80 7.56-108 116.0 2.94 5.87-107 
36.4 5.25 4.92-105 72.3 .3.72 1.02-107 118.8 2.90 5.77-107 
38.8 5.08 6.92-105 75.3 3.64 1.16-107 126.7 2.81 7.20-107 
43.7 4.79 1.28-108 79.2 3.55 1.49-107 








with the two different counter geometries (above 
and below 40 kev) appear to join up quite smoothly. 


ERRORS 


The counting errors at the lowest energies are 
about three percent, and at the higher energies are 
_ negligible. The geometry of the counter used at low 
energies is known within about nine percent; for 
the other counter it is better known—to about two 
percent. The current measurements with the in- 
tegrator are probably good to two percent. The 
error due to the presence of neutral particles in the 
beam is, in general, not more than one percent; 
any errors due to target contamination or secondary 
electron emission were together not more than one 
percent.! The bombarding voltage is known within 
one percent. The combination of these factors leads 
to an aggregate error in the thick-target yield 
amounting to +3} percent at high energies and 
about +10 percent at low energies. 

In translating the thick-target yields into cross 
sections one introduces a further small error (per- 
haps three percent or so) in differentiating the yield 
curve to find dN /dE. But the associated values of 
dE/dx are very uncertain, and it is impossible to 
estimate a probable error for the cross sections 
which are evaluated in the next section. 


E. BRETSCHER AND A. P. FRENCH 


CROSS SECTION. COMPARISON WITH THEORY 


It has been noted earlier that the cross section 
at any energy is given by 


o(E) =2.38-10-8- (dN /dE) - (dE/dx) barns, 


where dN/dE is in a-particles per microcoulomb 
per kev, and dE/dx is in kev per cm in D,O vapor 
at 1 mm pressure, 15°C. dN/dE has been found by 
obtaining graphically the slope of the yield curve. 
When plotted, the relation between log(dN/dE) and 
E- appears to be accurately linear. 

In Table III, which follows, the evaluation of 
o(E) is set out. Values of dE/dx are taken from 
Fig. 8 of reference 1. It is possible that their use 
leads to an overestimate of the cross section.’ 
Logo(Z) vs. E. is plotted in Fig. 5, and Fig. 6 
shows log[ E-o(£) ] vs. E-}. 

This latter is a test of the simple Gamow formula, 
which for low energies becomes 


o(E£) =const.1/E-exp[ —2ze?/hv] 
=const.1/E-exp[ —1.72Emey—*]. 


The slope corresponding to the theoretical expo- 
nent is indicated in Fig. 6. It may be seen that the 
values of E-o(£) lie on a curve, which rises pro- 
gressively more steeply, as the energy increases, than 
is demanded by the Gamow plot. This is interesting 
if one compares it with the analogous plot for the 
D+D reaction (see Fig. 10, reference 1). Here the 


TABLE III. Values of the cross section o(Z) in barns. 











dE/dx 
kev per 
E E73 = 1 po o(E) E-o(E) 
kev (Mev)-? adN/dE-10-4 pressure barns kev Xbarns 
15 8.16 0.152 0.29 1.05-10-3 1.56-107? 
15 F556 0.330 0.32 2.51-1073 4.40-1072 
20 7.07 0.630 0.34 5.10- 10-3 1.02-10-1 
25 6.33 1.68 0.39 1.56-1072 3.90-1073 
30 5.97 3.55 0.43 3.63 -1072 1.09 
35 5.34 6.25 0.48 7.14-107% 2.50 
40 5.00 9.90 0.53 1.25-1072 5.00 
45 4.71 14.7 0.57 2.00 - 10-1 9.00 | 
50 4.47 20.0 0.61 2.90-10-! 14.5 
55 4.27 26.1 0.66 4.10-10-! = 22.5 
60 4.08 33:3 0.70 §.55-10-! =. 33.3 
65 3.92 42.0 0.73 7.30-1071 47.5 
70 «3178 =~ 80,2 0.75 8.96-10- 62.6 
75 3.65 60.0 0.78 1:11 83.1 
80 3.54 68.5 0.80 1.30 104 
85 3.43 80.0 0.82 1.56 132.5 
90 3.33 91.0 0.84 1.82 164 
95 3.24 103 0.86 2441 200 
100 3.16 115 0.88 2.41 241 
105 3.08 129 0.90 2.76 289 
110 3.02 138 0.92 3.02 332 
115 2.96 151 0.93 3.34 384 
120 2.89 164 0.95 3.71 445 
125 2.83 177 0.96 4.04 505 
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Fic. 5. Semilogarithmic plot of the T+D cross section as a 
function of incident triton energy. 


Gamow plot appears to be accurately a straight 
line. Since the same values for dE/dx were used in 
the two cases, the uncertainty in the energy-range 
relationship does not enter into this comparison. 

The obvious inference is that a low energy reso- 
nance occurs in the T+D reaction. To gain some 
idea of the position and width of such a resonance, 
a Gamow formula modified by a resonance factor 
was assumed, of the form: 


o(E) =[1/E][A/((E,—E£)?+1") ]-expl—1.72E~4]. 


The best fit to the experimental curve was ob- 
tained with the following values of the parameters: 


A =325 X108 (kev)* Xcm?, 
Resonance peak—E, = 124.3 kev, 
Half-width l'=71.7 kev. 


These values may give a rough idea of the true 
state of affaiys, but it should be remembered that in 
deriving them one makes use of the rather doubtful 
values of dE/dx. 

There exists a convenient way of expressing the 
results, independently of the precise energy-range 
relation in the target. The method is to compare 
the T+D and D+D cross sections at equal bom- 
barding particle velocities. It may be assumed that 
a triton of energy Er loses energy at the same rate 
as a deuteron of energy Ep =4%E 71. One may there- 
fore write: 


(cDT/cDDp),=(dN/dE) pr, z/(dN/dE) ppp, 2/3E- 


Using the values of (dN/dE)pp, obtained from 
the experiments on the D+D reaction, the cross- 
section ratio has been evaluated as a function of 
energy. The results are tabulated in Table IV and 
are plotted in Fig. 7. (The first two points are 
dubious because they involve an extrapolation of 
the D+D measurements.) Now the Gamow pene- 
tration factor, exp[ —(27e?)/hv], is the same for 
T-—D and D—D interactions under the conditions 
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Fic. 6. Comparison of the energy dependence of o(Z) with that 
to be expected from a simple Gamow penetration formula. 


of the above comparison. The change of cross- 
section ratio with energy therefore suggests that 
the term preceding the exponential of the cross- 
section formula varies in a different manner for 
T+D and D+D reactions. If one assumes that the 
1/E factor in this term holds good for both, then 
the difference is due entirely to the T — D resonance. 
If one ignores the two points below the 30-kev T 
energy (i.e., the points which involve an extrapola- 
tion of cpp,), the rest of the curve is consistent 
with a resonance at E,=343 kev, and with half- 
width I = 80 kev approximately. It will be seen that 
this differs greatly from the result of the first 
analysis, but the methods employed in the two 
cases are so different that this is not surprising. 
In the first instance, experimental knowledge is 
lacking in dE/dx; in the second, theory cannot 
assert positively that the 1/EZ in the cross-section 
formula is, in fact, valid for both the D+D and the 
T+D reactions. Moreover, it should always be 
borne in mind that the Gamow theory applies to 
the total cross section of an interaction and that 
only the proton-producing branch of the D+D 
reaction has been considered here. 

It is probable that, if the D+D cross section 
could be accurately evaluated at a high energy, 











TABLE IV 
Erkev Epkev (dN /dE)pr (dN /dE)ppp (opr /opDp)» 
15 10.0 1.52-108 ~10.0 ~152 
20 13.3 6.30: 108 ~49 ~129 
30 20.0 3.55104 3.04- 10? 117 
40 26.7 9.90 - 104 8.00 - 10? 124 
50 33.3 2.00- 105 1.55- 10° 129 
60 40.0 3.32-105 2.42 - 103 137 
70 46.7 5.01 -105 3.40- 10° 148 
80 53.3 6.85 - 105 4.35 - 108 158 
90 60.0 9.10-105 5.39 - 108 169 
100 66.7 1.15-108 6.20 - 108 186 
110 73.3 1.38- 10° 7.10- 108 195 
125 83.3 1.77 - 108 7.80- 108 227 
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Fic. 7. Ratio of cross sections for the reactions T(D, n)a and 
D(D, T)p for equal bombarding particle velocities. 


where dE/dx is better known, an extrapolation 
would be possible with the help of theory to the 
low energy region corresponding to these expeti- 
ments. With the aid of the ratios given in Table IV, 


one could then find the true T+D cross sections, 
A direct extrapolation from high energies for the 
T+D cross section would be more difficult on ac- 
count of the uncertainty introduced by the reso- 
nance in this reaction. 


CONCLUSION 


The experiments described in this paper were de- 
signed for the determination of the cross section of 
the T+D reaction at low energies. The values given 
for the cross section as a function of energy should, 
however, be accepted with reserve, because of the 
very great uncertainty involved in estimating the 
rate of energy loss of the bombarding tritons in the 
heavy-ice target. The values of thick-target yields 
are considered to be fairly reliable and might be 
used for the evaluation of the cross section, should 
better measurements of the energy-range relation 
for slow protons or tritons become available. 





ns, 
he 
1C- 


of 
en 
d, 
he 
he 
he 
ds 
De 
ld 


PHYSICAL REVIEW 


VOLUME 75, NUMBER 8 


APRIL 15, 1949 
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Neutron and gamma-ray intensities from thin targets of Be bombarded by deuterons were mea- 
sured as a function of deuteron energy from 0.2 to 1.8 Mev. Most of the neutron data were obtained 
in the forward direction with respect to the deuteron beam. Neutron and gamma-ray intensities show 
exponential increase with energy below 800 kev; a broad resonance in the region 1.0 to 1.1 Mev is 
indicated by the shape of the curve at energies above 800 kev. Search revealed no sharp resonances. 
Evidence is shown for a previously unknown neutron group of Q equal to —0.7 Mev. Neutron inten- 
sities were measured as a function of angle with the deuteron beam for a number of bombarding 


energies from 0.8 to 1.7 Mev. 





INTRODUCTION 
HE reaction 
Be®+ H?—>*B"- B+ !+4.3 Mev 


has been used extensively as an intense source of 
fast neutrons since its discovery and early inves- 
tigation.! Amaldi, Hafstad, and Tuve? made precise 
measurements of thick target yields for bombarding 
energies up to 1 Mev, but the thin target excitation 
curve has not been known. It was the purpose of 
this investigation to obtain the thin target yield 
function for neutrons and gamma-radiation up to 
the limiting energy of the Rice Institute statitron 
(about 2 Mev). Moreover, since resonances have 
been observed in the deuteron bombardment of 
other elements, e.g., lithium and carbon,’ it was 
thought that the neutron and gamma-ray yield of 
the Be®(d,n)B'® reaction might also show narrow 
resonances which would yield valuable information 
on the excited states of B". Surveys were made of 
the angular distribution of the neutrons for several 
bombarding energies, since it has been shown that 
particle yields depend to a marked degree on the 
angle of observation. 

Bonner and Brubaker‘ showed that at a bom- 
barding energy of 0.9 Mev there are four groups of 
neutrons with Q values of 4.25, 3.7, 2.1, and 0.8 
Mev. From recent investigations with a gamma-ray 
spectrometer,®* gamma-ray energies of 411, 475, 


* Now at Los Alamos Scientific Laboratory. 

** Now at Naval Research Laboratory, Washington, D. C. 

1H. R. Crane, C. C. Lauritsen, and A. Soltan, Phys. Rev. 
44, 692 (1933) and 45, 507 (1934); M. S. Livingston, M. C. 
Henderson, and E. O. Lawrence, Phys. Rev. 44, 782 (1933); 
E. O. Lawrence and D. Cooksey, Phys. Rev. 50, 1131 (1936). 

2 E. Amaldi, L. R. Hafstad, and M. A. Tuve, Phys. Rev. 51, 
896 (1937). 

§ Bennett, Bonner, Richards, and Watt, Phys. Rev. 71, 11 
(1947); Bennett, Bonner, Hudspeth, Richards, and Watt, 
Phys. Rev. 59, 781 (1941). 

a 936) W. Bonner and W. M. Brubaker, Phys. Rev. 50, 308 

5 Lauritsen, Fowler, Lauritsen, and Rasmussen, Phys. Rev. 
73, 636 (1948). 

*T. Lauritsen, C. B. Dougherty, and V. K. Rasmussen, 
Phys. Rev. 74, 1566A (1948). 


718, 1024, 1435, 2170, 2924, and 3425 kev are 
reported. The 411 and 718-kev line have been 
attributed® to B'°. The energy values of other lines, 
e.g., 2170 and 3425, agree with differences in energy 
of the neutron groups. Some lines must, however, 
be attributed to the competing reactions involving 
charged particles: the 475-kev line is assigned® to 
the Be*(d,«)Li’ reaction, where two groups of 
alphas with this energy difference are known,’ 
and two groups of protons® from the reaction 
Be*(d,p)Be!® indicate an excited level at 3.4 Mev 
in Be!® which could be the origin of one or more 
lines. 


ACCELERATING APPARATUS 


The Rice Institute statitron was used to obtain 
homogeneous beams of deuterons of energies from 
200 kev to 1900 kev, with the potential stabilizer 
previously described® maintaining constant bom- 
barding energies during observations. The atomic 
beam was deflected through 90° by a magnetic 
analyzer, which was used to measure the energy 
of the beam. Following the same hysteresis cycle 
enables energies to be reproduced within 2 kev, 
and the absolute energies are known to’ better 
than 5 kev, using gamma-ray resonances in Li’ 
+p, F%+p, and C"+d, for calibration. The slit 
system allows a resolution where needed of 1 kev 
to 1 Mev, so that narrow resonances could easily 
have been detected. Bombarding currents were 
measured by a current integrator!® which was cali- 


’ brated periodically. 


TARGETS 


Beryllium targets from 10 to 100 kev thick were 
prepared by evaporation of beryllium in a high 
vacuum on to clean polished disks of silver, using 
helical filaments of tungsten or of tantalum to heat 


7E. R. Graves, Phys. Rev. 57, 855 (1940). 

8C. M. G. Lattes, P. H. Fowler, and P. Cuer, Proc. Phys. 
Soc. London 59, 883 (1947). 

9 Bennett, Bonner, Mandeville, and Watt, Phys. Rev. 70, 
882 (1946). ‘ 

10 B, E. Watt, Rev. Sci. Inst. 17, 334 (1946). 
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the beryllium. While both metals have a limited 
solubility in beryllium, the purity of the targets 
was maintained by the following precautions in the 
evaporation: the target was uncovered only after 
the beryllium had formed small molten droplets 
and was evaporating; the filament temperature 
near the droplets as determined by a pyrometer was 
not allowed to rise more than 100°C above the 
melting point of beryllium (1350°C) ; the procedure 
was stopped as soon as the evaporation of the 
residual droplet became slow; vacuum of 510-5 
mm Hg or better was obtained preceding evapora- 
tion, since oxidation of the beryllium prevents 
evaporation at low temperatures. The chemical 
analysis of the beryllium which was used indicated 
traces of impurities only: 0.1 percent Fe, 0.1 percent 
Al, and 0.1 percent Si. These would not be expected 
to produce a detectable yield, and they were prob- 
ably reduced in quantity by the evaporation pro- 
cedure. Target thicknesses were determined by 
weighing on a microbalance, and checked by com- 
paring yields with that of a thick target machined 
from a beryllium chunk. 

Targets were discarded as soon as definite dis- 
coloration indicated an appreciable deposit of 
carbon from the vacuum system ; many standardized 
measurements of the positron annihilation radiation 
of N*® after target bombardment showed this to be 
adequate precaution. The N*® positrons were 
counted directly on one discarded target charac- 
terized by more than average carbon deposit. Direct 
comparison with carbon targets of known thickness 
(used in determining the cross section for the 
C(d,n)N® reaction!) allowed the carbon contami- 
nation activity on this target to be determined as 
2.0 percent of the target activity for gamma-rays 
and 2.7 percent for neutrons at 880 kev. Data 
taken with this target (the bulk of the data at 0° 
above 800 kev) was then corrected for the carbon 
activity. Unless otherwise specified, all data were 
taken with targets on which 2 percent for gamma- 
rays and 3 percent for neutrons is believed to be the 
upper limit for target contamination. 


GAMMA-RAY YIELD 
Counter Arrangement 


The gamma-rays were detected with self-quench- 
ing Geiger-Mueller counters and an Instrument 
Development Laboratories scale of 64 unit with 
amplifier and regulated power supply. The gamma- 
ray counter was a small commercial counter ob- 
tained from Herbach and Rademan. It had a 
0.005-in. thick copper cylinder 1.0 cm D and 3.0 
cm long enclosed in a glass envelope about 0.050” 
thick. It was mounted in a 0.031-in. wall brass tube. 
It was used primarily because of its small effective 


11 Bonner, Evans, Harris, and Phillips, to be published. 
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area, which allowed positioning close to the target 
without excessive counting rates. In the preliminary 
measurements and search for resonances, and for 
all data below 800 kev, the gamma-ray counter was 
an Eck and Krebs counter with a silvered glass wall 
surrounded by a 7g-in. brass tube. Using the 2.6- 
Mev gamma-ray of ThC” as a gamma-ray source, 
the efficiency of the two counters was found to be 
essentially the same, the small Herbach and Rade- 
man counter being 93 percent as efficient per unit 
effective area as the Eck and Krebs counter, al- 
though the latter had somewhat simpler geometry 
since essentially all secondary electrons came from 
the thick wall brass tube. We therefore feel justified 
in assuming efficiencies for both counters equal to 
those reported for gamma-ray counters by several 
workers.” 

The positioning of the counter with respect to 
the target and defining slits of the magnetic analyzer 
is shown in Fig. 1. The extension of the vacuum 
tube beyond the slit is long enough so that back- 
ground radiation from the slits and walls of the 
magnet box is cut down appreciably relative to 
radiation from the target. The final gamma-ray 
excitation curves above 800 kev were taken in the 
position shown, with the axis of the gamma-ray 
counter 6 cm from the center of the target. 

The distance from the counter axis to the slits 
was somewhat over 45 cm so that, from solid angle, 
the background from the slits and nearest part of the 
magnet chamber is down by a factor greater than 
50 with respect to*target radiation. Lead slabs 
milled to fit closely about the vacuum tube, and 
placed as shown in the figure, provided at least 5-cm 
path length in lead for background radiation from 
any part of the magnet assembly. This is enough 
to cut down the 3-Mev gamma-radiation from the 
bombardment of carbon contamination by an addi- 
tional factor of 10. For data above 800 kev a cylin- 
drical lead shield was placed about the counter. It 
was 1.4 cm thick (6.0-cm O.D. and 3.2-cm I.D.) 
and had a milled slot so that there was no lead 
between the target and sensitive volume of the 
counter. , 

The measured background was never more than 
3 percent for any of the targets which were used in 
obtaining data for the excitation curve. This back- 
ground was determined by causing the beam to fall 
on the low energy side of the slit instead of passing 
through to the target. This was believed to give at 
least as much background radiation as was present 
during target bombardment. 

Counting rates were kept well under 500 per 
second, where the counting loss was determined as 
less than 1 percent for the Herbach and Rademan 


2 Bradt, Gugelot, Huber, Medicus, Preiswerk, and Scherrer, 
Helv. Phys. Acta 19, 77 (1946); F. Norling, Arkiv f. Mate- 
matik, Astronome o. Fys. 27A, N:04 (1941). 
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counter. Generally more than 2000 counts were 
taken for a point; in addition, each point was re- 
peated at least once for a single run, and a number 
of runs were made over the region investigated. 
The efficiencies of the counters were checked during 
long runs with a 1-mg radium source. 


Results 


The gamma-ray excitation curve is plotted in 
Fig. 2. The energies are bombarding energies rather 
than mean energies in the target; the bulk of the 
plotted data was taken with a 37-kev target, with 
the points separated by about 2 target thickness. 
The gamma-ray curve shows no sharp resonances, 
although the portion above 800 kev was covered in 
preliminary surveys with targets 10 to 20 kev thick 
using a slit width corresponding to 3 kev at 1 Mev. 
Since both counters are relatively insensitive to low 
energy radiation, a weak sharp resonance involving 
only low energy gamma-rays might not be apparent 
in our data. 

From the low energies up to about 800 kev the 
yield rises as if determined by the penetrability of 
the potential barrier. A broad resonance located at 
1.0 to 1.1 Mev, with a width of 200 kev or more, 
appears to be the best explanation for the shape of 
the curve between 800 and 1400 kev. In accord 
with this interpretation, good fits by barrier pene- 
tration function” for the deuteron can be obtained 
below 800 kev using reasonable angular momentum 
values, but not in the immediate neighborhood of 
1 Mev and above. 

To estimate the magnitude of the cross section, 
the counter efficiency was deduced from the effi- 
ciency-energy curve for a brass counter given by 
Bradt, Gugelot, Huber, Medicus, Preiswerk, and 
Scherrer.”2 Our Eck and Krebs counter (thin-wall 
glass counter in a brass tube 1.6 mm thick) was 
assumed to have an efficiency ranging from 1.8 
percent at 3425 kev to 0.17 percent at 411 kev. 
Assuming equal intensities for all the lines, since 
intensity estimates are not available, the average 
efficiency of the counter is calculated to be 0.86 
percent. From this value and our geometry the 
total gamma-ray cross section is calculated to be 
0.43 barn at 880 kev. This agrees fairly well with 
the value reported by Swann, Scott, Hudspeth, and 
Mandeville“ at 600 kev. 

The fact that the counter was responding pri- 
marily to the higher energy quanta was corroborated 
by the insertion of a 1.3-cm Pb absorber, which cut 
down the gamma-ray intensity by the same factor 
(1.8 under conditions of rather poor geometry) as 
the 3-Mev gamma-radiation from a carbon target 
at 880-kev bombarding energy. Moreover, insertion 

13H. A. Bethe, Rev. Mod. Phys. 9, 178 (1937). 


4 Swann, Scott, Hudspeth, and Mandeville, Phys. Rev. 73, 
648A (1948). 
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of this absorber in a run from 800 to 1700 kev did 
not change the shape of the yield curve. 


NEUTRON YIELD 
Counting Technique 


The neutrons were detected with proportional 
counters using an Atomic Instrument Company 
linear amplifier, discriminator, and scaler and a 
standard regulated high voltage supply. Two types 
of gas-recoil counters were used, one containing 
hydrogen and the other argon. The argon counter 
had a low efficiency but was believed to have ap- 
proximately the same sensitivity for the high Q 
neutrons as for those of low Q. It was a cylindrical 
Eck and Krebs beta-ray type counter with a thin 
silvered glass envelope shielded with a ;4-in. brass 
tube. Its effective volume was 1.8 cm in diameter 
and 6.0 cm long, and it was filled to one atmosphere 
of commercial argon. The hydrogen counter con- 
sisted of a brass cylinder 4.5-cm long and 4.5-cm 
I.D., filled with one atmosphere of hydrogen con- 
taining 2 percent methane. 

As a result of the low efficiency of the argon 
counter, the problem of getting statistically satis- 
factory data over the entire energy region was 
greatest for this counter. In individual runs, readings 
were repeated at least once for each point, with a 
minimum of 1280 neutron counts taken per point, 
i.e., at a given bombarding voltage. A run con- 
sisted of a single coverage of an energy interval 
with points spaced about } target thickness, plus 
repeats on check points throughout the interval. 
Critical portions of the curve were covered in single 
runs to minimize effects of joining data taken on 
successive days. The entire yield curve was covered 
at least twice. The same precautions were taken 
with the hydrogen counter except that, due to its 
higher efficiency, the entire curve could be covered 
in one or two runs and generally 2000 or more 
neutron counts per point were taken. 

In the case of the argon counter it was considered 
unnecessary to correct the data for the neutron 
yield of thin carbon contamination films deposited 
on the target since, as discussed in the following 
section, biasing makes the counter sensftivity small 
for the carbon neutrons as a consequence of their 
lower energy (Q=—0.3 as compared to the lowest 
value for beryllium of +0.8). For the hydrogen 
counter data, however, correction was made for 
carbon deposit as discussed in the section on targets, 
although the correction even in this case was small. 

The positioning of the neutron counters for the 
excitation curves in the forward direction is shown 
in Fig. 1. Eleven centimeters, or more, of paraffin 
along the vacuum tube shielded the counters from 
carbon neutrons originating in the magnet chamber 
and at the slits, except those which proceeded 
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Fic. 1. Target and counter arrangement. 


directly down the vacuum tube. The neutron 
counter was placed in as close proximity to the 
target as possible for reasons of intensity, insuring 
a large factor over background. Background 
counting rates taken with the beam on the low 
energy side of the slit indicated that the background 
was always less than 1 percent of the neutron 
counting rate. 


Energy Sensitivity of the Fast Neutron Counters 


It has been shown® that the sensitivity of a biased 
proportional counter detecting recoils whose ranges 
end in the counter depends on energy according to 
the relation : 

S(E) = (1—B/E)o(£), 
where E is the neutron energy, B is the bias energy, 
and o(£) is the scattering cross section. In the case 
of argon, the recoil energy in the forward direction 
is 9.5 percent of the incident neutron energy. The 
forward argon recoils from beryllium bombarded by 
i-Mev deuterons thus have energies from 0.2 to 
0.5 Mev and ranges less than a millimeter. With the 
bias set in the range 500 to 600 kev (50 to 60-kev 
recoil energy), the values of S(E)/o(Z) at 1-Mev 
bombarding energy are calculated to be 0.6, 0.8, 
0.9, and 0.9 for the four Q values ranging from 0.8 
to 4.3 Mev in order. Since o(E£) is not known, we 
cannot estimate S(£). It seems likely, however, 
that the argon counter has a sensitivity of ap- 
proximately the same magnitude for all four groups 
and that the argon counter excitation curve gives 
a true picture of the fast neutron excitation curve. 

For bombarding energies below 500 kev the bias 
was kept fixed. Above 500 kev the bias was in- 
creased with deuteron bombarding energy in pro- 
portion to the energy of the lowest energy neutron 
group (Q=0.8 Mev), so that the factor (1—B/E) 
remained constant for that*group. This{kept the 
average sensitivity to the four known neutron 
groups fairly constant, since the sensitivities to the 
higher energy groups are less bias dependent. 

For the hydrogen counter the condition that 
recoil ranges end in the counter is not fulfilled. This, 
together with the small bias used (100 kev), 


16H. H. Barschall and H. A. Bethe, Rev. Sci. Inst. 18, 147 
(1947). 


results in a sensitivity mainly dependent on o(£) 
for the known neutron groups. From o(£)'* the 
relative sensitivities at 1-Mev bombarding energy 
are calculated as 1.0, 0.7, 0.5, and 0.4 for the four Q 
values ranging from 0.8 to 4.3 Mev in order. Thus 
this counter is differentially sensitive to the neutrons 


of lower energy. 
Results 


The excitation curve taken with the argon 
counter is shown in Fig. 3. It is believed to represent 
the yield of all four fast neutron groups. It shows 
no sharp resonances, although the same careful 
check was made with thin targets and high resolu- 
tion of beam energy as was done for the gamma- 
radiation. The curve is plotted from data taken 
with targets 25 to 40 kev thick, with the beam 
defining slits opened to a width of 10 kev. 

Up to 1.4 Mev the curve coincides fairly well 
with the gamma-ray excitation curve when the two 
are normalized arbitrarily. Below 800 kev the 
neutron curve can be fit with a barrier penetration 
function, indicating that the yield depends pri- 
marily on this factor at low energy. A broad reson- 
ance located at 1.0 to 1.1 Mev appears necessary to 
account for the shape of the curve in this region, 
just as for gamma-rays. The rise in the neutron 
yield starting at about 1.45 Mev is interpreted as 
due to neutrons of a new group with negative Q. 
This last point will be discussed further after con- 
sidering the hydrogen-counter data. 

The excitation cufve in the forward direction 
taken with the hydrogen counter is also shown in 
Fig. 3. The principal feature is an upward break 
starting at 950 kev. No corresponding feature 
occurs at this energy in the gamma-ray curve or 
the curve for fast neutrons taken with the argon 
counter, although special check runs were made. 
A yield curve taken with the hydrogen counter 
detecting neutrons at an angle of 135° (laboratory 
coordinate system) with the direction of the inci- 
dent deuterons shows an upward break at 1135 kev, 
as plotted in Fig. 4, with the forward yield repeated. 
(Relative intensities are arbitrary because of dif- 
ference in geometry.) Taken together, these curves 
almost certainly indicate the appearance of a new 
group of neutrons negative Q. Because of the 
motion of the B"™ compound nucleus, the neutrons 
have a higher energy in the forward direction than 
at 135° and consequently appear above the counter 
threshold at lower bombarding energy in the 
forward direction. A counter bias of 95 kev and a Q 
value of —740 kev are calculated to be consistent 
with the initial points of rise in the two directions. 
The relative location of the points of rise depends 
rather critically on the counter bias, and it is be- 


16 Bailey, Bennett, Bergstralh, Nuckolls, Richards, and 
Williams, Phys. Rev. 70, 583 (1946). 
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lieved that this value of 95 kev, which gives good 
interval consistency among all data available, is 
the most accurate value we have for the bias. Once 
the bias is determined the Q value follows. The 
shape of the rise is what is to be expected from a 
biased recoil counter, since the factor (1—B/E) 
rises rapidly with E for small values of (E—B). 

For the argon counter the appearance of the 
group at 1.45 Mev indicates a bias of about 650 kev 
at that energy. This value is consistent with our 
estimate of the bias from the size of the gamma-ray 
pulses. Because of the greater relative sensitivity 
of the argon counter for fast neutrons with energy 
well above the bias, the increase in counting rate 
due to this group would not be pronounced even with 
considerable intensity. 

Another curve taken with the argon counter unex- 
pectedly confirms the existence of this group. The 
argon counter was surrounded by a slab of paraffin 
except in the direction of the target. This slab was 
originally meant to shield against scattered neu- 
trons. However, bigger yields were found with the 
paraffin, and the yield curve exhibited an upward 
break at 900 kev. This curve is shown in Fig. 5, 
arbitrarily normalized below 900 kev to the curve 
for the argon counter without paraffin. (The yield 
with paraffin was 40 percent higher at 800 kev 
before normalization.) A sheet of cadmium 0.80 mm 
thick completely surrounding the counter wiped 
out the increase of sensitivity due to the paraffin 
slabs and the upward break in the curve. The argon 
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counter is, therefore, sensitive to slow neutrons by 
an unidentified capture process. This process must 
result in more ionization than that produced by a 
single electron, since the discriminator bias was set 
to eliminate pulses from radium gamma-rays. The 
possibility of protons from a nitrogen impurity has 
been suggested. In any case, cadmium absorption 
makes it certain that thermal neutrons are involved, 
and therefore 900 kev is the threshold at which the 
new neutron group appears. From this the Q value 
is also calculated to be — 740 kev, in agreement with 
the value obtained from the hydrogen counter data. 
The argon counter without paraffin slabs was 
shielded with cadmium, and a survey made of the 
energy range from 800 kev to 1500 kev. The results 
were the same as without cadmium, showing that 
the thermal neutron sensitivity of the argon counter 
is not a factor in the data taken without additional! 
paraffin, and that the argon counter without paraffin 
is counting fast neutrons from the target. 

Note Added in Proof: The slow neutron threshold has been 
cegeenes with a proportional counter containing enriched 

3. 

Because of well-known difficulties in the precision 
measurement of cross sections for neutron emission, 
we have estimated our thin target cross section 
from the precision thick target measurements of 
Amaldi, Hafstad, and Tuve.? Integrating our thin 
target excitation curve for fast neutrons obtained 
with the argon counter, and using the value given 
by Amaldi, Hafstad, and Tuve for the total number 











7 





ae 











Gamma-Ray Yield in Arbitrary Units 























Pe! we ae 


—————— 





















1400 OE eee 





Deuteron Energy in Kev 


Fic. 2. Excitation curve showing counter counting rate in arbitrary units vs. deuteron bombarding energy for the gamma-rays 
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Fic. 3, Excitation curve showing counter counting rate in arbitrary units vs. deuteron bombarding energy for the neutrons from 
Be-+d in the forward direction, using argon, hydrogen, and polyethylene foil proportional counters. 


of neutrons from a thick target, an estimate of 0.4 
barn is obtained for the cross section for total 
neutron emission at a bombarding energy of 880 
kev. In calculating the deuteron penetration of.a 
thick target, a stopping power expression was used 
which reduced to 1.0 mg/cm? Be equal to 1.0 cm of 
air for 1-Mev deuterons. A check was made at the 
same bombarding voltage by comparing the neutron 
emission of thin carbon and beryllium targets of 
known thickness, using the hydrogen counter with 
identical geometry. The carbon cross section has 
been measured accurately by counting the positron 
from N® formed in ‘the carbon (d,m) reaction." 
Using the Bethe-Barshall efficiency-energy relation 
for the hydrogen counter, correcting for differences 
in angular distribution in the carbon and beryllium 
neutron emission, and estimating the relative inten- 
sities of the Be neutron groups from the number of 
proton recoils in the cloud chamber of Bonner and 
Brubaker (estimated to be 31, 37, 15, and 17 per- 
cent in order of decreasing Q at 0.9-Mev bombarding 
energy, after correcting for chamber geometry and 
scattering cross section), a value of 0.4 barn was 
obtained by this method also. The second value is 
possibly subject to a correction to the Bethe- 
Barshall formula for the lower specific ionization 
of the higher energy recoil protons in our counter, 
but the value of 0.4 barn at 880 kev is believed in 
resonable accord with known data. 

It seems reasonable to assume that the variation 
of the cross section for Be neutrons of positive Q 
is given up to 1.5 Mev by the argon counter curve. 


An estimate of the relative intensity of the group 
of negative Q appearing above 0.9 Mev can be 
obtained from the hydrogen counter curve when 
corrections are made for the large proton scattering 
cross section at lgw energy and the forward 
bunching of the neutrons due to motion of the 
compound nucleus. Two-thirds of the counting rate 
at 1.4 Mev appears to be due to the low energy 
group; assuming isotropic emission in the center of 
gravity coordinate system, this group then con- 
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Fic. 4. Comparison of the neutron excitation curve at 135° 
to the deuteron beam (laboratory coordinate system) with the 
excitation curve in the forward direction. 
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stitutes about 0.3 of the total neutron emission at 
this energy. 


ANGULAR DISTRIBUTION OF NEUTRONS 


Since particle yields are known to depend on the 
angular position of the detector with respect to the 
direction of the incident beam, surveys were made 
of the angular distribution of the neutrons for 
several bombarding energies in order to search for 
possible structure in the yield curve at angles other 
than 0°. In order to obtain a combination of sen- 
sitivity and angular resolution, use was made of a 
proportional counter with 21 polyethylene foils 
spaced 0.32 cm apart along the axis of the counter, 
each foil being equivalent to 5.5 cm air for proton 
recoils reaching the end of their range in the gaps 
between the foils. The counter was filled with argon 
plus 3 percent carbon dioxide at one atmosphere 
pressure. The counter was operated with the axis 
directed at the center of the target. Our quoted 
resolution is equal to the angular width of the 
nearest foil seen from the center of the target. 

Since the stability of this counter over long 
periods was not nearly as good as that of our gas 
recoil counters, data for the angular distribution 
curves were taken in a manner to minimize drift. 
The same number of counts (640 single neutron 
counts) was taken at each point. Points were 
taken in order without repetition at 15° intervals 
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up to the end of the angular range and then repeated 
in reverse order. The published curves are averages 
of the data from three to six such two-way runs. 
Each point on the curves represents at least 3840 
single neutron counts with a predicted mean square 
deviation of about 1 percent. 

In order to adjust the ordinates of the successive 
angular distribution curves to the correct relative 
heights, yield curves at 0°, 45°, and 135° were taken 
with this counter. It was not possible to repeat the 
points in reverse order (decreasing deuteron energy) 
in these runs because of the delay involved in 
recycling the magnetic analyzer between successive 
points. In this case the plotted points are averages 
of three or more one way runs. Correction for drift 
was obtained from the trend of successive readings 
of the same energy. With the data averaged and 
normalized, points which are common both to the 
angular distribution and yield curves differ at most 
by about 10 percent of either value. Therefore, the 
data is estimated to be accurate to about +10 
percent, although the relative accuracy of points 
on a single angular distribution curve is believed 
somewhat better. 

Curves of neutron intensity vs. bombarding 
energy at 0°, 45°, and 135° with +10° resolution 
are shown in Fig. 6. A curve at 0° with +20° resolu- 
tion is included in Fig. 3 for comparison with the 
argon- and hydrogen-counter curves. The ap- 
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Fic. 5. Comparison of slow-plus-fast with fast neutron excitation curves in the forward direction taken with the argon counter 
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Fic. 6. Neutron excitation curves at 0°, 45°, and 135° to 
the deuteron beam taken with the polyethylene foil counter 
(Laboratory Coordinate System). 


pearance of the curves in the forward direction 
indicates that the counter does not quite follow the 
fast neutron curve about 1.1 Mev but responds 
increasingly to the low energy group as the bom- 
barding energy increases. Since the counter foils 
have 5.5-cm air-equivalent thickness for proton 
recoils reaching the end of their range in the gaps 
between the foils, the sensitivity would be expected 
to increase approximately linearly with neutron 
energy to about 2-Mev neutron energy and to be 
proportional to the proton scattering cross section 
for high energy neutrons. The counter response to 
a low energy group thus does not exhibit the sharp 
threshold of a gas recoil counter. The experimental 
yield at 135° is almost constant from 1 to 1.5-Mev 
deuteron energy with this counter. While the sharp- 
ness of the bend between 0.9 and 1.0 Mev is prob- 
ably experimental error, the 135° curve does indi- 
cate a plateau-like leveling off below 1.5 Mev, like 
the argon-counter curve below 1.4 Mev. The low 
energy neutron group thus probably does not have 
sufficient energy at 135° to cause appreciable 
counter response in this energy range. The 0° and 
45° curves lead one to believe that they would 
exhibit a similar leveling-off tendency above about 
1.1 Mev except for the response to the low energy 
group. This response is, of course, more pronounced 
for a given deuteron energy at 0° than at 45°. 

The angular distribution curves at five bombard- 
ing energies are shown in Fig. 7. The resolution is 
+9° and angles are in the laboratory coordinate 
system. The points at 75° and 90° have been cor- 
rected upward by 8 percent and 16 percent of the 
plotted values because of longer scattering paths 
in the target holder at these angles. As a result of 
the counter characteristics and the presence of a 
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Fic. 7. Distribution in angle of the neutrons from Be+d 
taken with the polyethylene foil counter (Laboratory Coor- 
dinate System). 


group of negative Q discussed in the previous para- 
graph, a preponderance of neutrons in the forward 
direction at the higher bombarding energies does 
not necessarily indicate asymmetry of emission of 
the neutrons in the center-of-gravity coordinate 
system. Since it is not known how much of the 
forward intensity is due to the low energy group, 
however, the possibility is not ruled out that the 
higher energy groups contribute. At 813 kev the 
backward intensity,is somewhat greater than the. 
forward in agreement with the thick target yield of 
Ageno, Amaldi, Bocciarelli, and Trabachi.!” While 
it appears very desirable to apply counting tech- 
niques capable of distinguishing between the energy 
groups in the angular distribution, it seems worth 
while to include the present data in this report as 
additional evidence for the presence of a neutron 
group of negative Q, and as an indication that the 
absence of narrow resonance structure at 0° is not 
due to choice of the angular position of the neutron 
detector but is a characteristic of the reaction. 

The authors are indebted to Professor T.. W. 
Bonner, who suggested the problem, for his advice 
and assistance; ta Dr. J. C. Harris and Mr. G. C. 
Phillips for the use of the hydrogen-recoil counter; 
to Mr. Ward Whaling for assistance in assembling 
and testing the foil counter; to the staff of the 
Rice Institute High Voltage Laboratory for help 
in taking some of the data; and to Mr. J. F. Vander- 
Henst, the Rice Institute instrument maker, and 
his staff. 

This work was assisted by the joint program of 
the Office of Naval Research and Atomic Energy 
Commission and by a grant from the Research 
Corporation. 


7 Ageno, Amaldi, Bocciarelli, and Trabachi, Atti R. Acad. 
Italia (Cl. Sci., Fis., Mat.), Series 7, 2, 338 (1940). 
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A theory of the origin of cosmic radiation is proposed according to which cosmic rays are originated 
and accelerated primarily in the interstellar space of the galaxy by collisions against moving mag- 


metic fields. One of the features of the theory is that it yields naturally an inverse power law for the 
spectral distribution of the cosmic rays. The chief difficulty is that it fails to explain in a straight- 
forward way the heavy nuclei observed in the primary radiation. 








I, INTRODUCTION 


N recent discussions on the origin of the cosmic 

radiation E. Teller! has advocated the view 
that cosmic rays are of solar origin and are kept 
relatively near the sun by the action of magnetic 
fields. These views are amplified by Alfvén, Richt- 
myer, and Teller.2 The argument against the con- 
ventional view that cosmic radiation may extend 
at least to all the galactic space is the very large 
amount of energy that should be present in form of 
cosmic radiation if it were to extend to such a huge 
space. Indeed, if this were the case, the mechanism 
of acceleration of the cosmic radiation should be 
extremely efficient. 

I propose in the present note to discuss a hy- 


.pothesis on the origin of cosmic rays which attempts 


to meet in part this objection, and According to 
which cosmic rays originate and are accelerated 
primarily in the interstellar space, although they 
are assumed to be prevented by magnetic fields 
from leaving the boundaries of the galaxy. The 
main process of acceleration is due to the interaction 
of cosmic particles with wandering magnetic fields 
which, according to Alfvén, occupy the interstellar 
spaces. 

Such fields have a remarkably great stability 
because of their large dimensions (of the order of 
magnitude of light years), and of the relatively high 
electrical conductivity of the interstellar space. 
Indeed, the conductivity is so high that one might 
describe the magnetic lines of force as attached to 
the matter and partaking in its streaming motions. 
On the other hand, the magnetic field itself reacts 
on the hydrodynamics* of the interstellar matter 
giving it properties which, according to Alfvén, can 
pictorially be described by saying that to each line 
of force one should attach a material density due to 
the mass of the matter to which the line of force is 
linked. Developing this point of view, Alfvén is 
able to calculate a simple formula for the velocity 
V of propagation of magneto-elastic waves: 


V=H/(4np)}, 


(1) 
1 Nuclear Physics Conference, Birmingham, 1948. 
P ae. Richtmyer, and Teller, Phys. Rev., to be pub- 
1s. . 
3H, Alfvén, Arkiv Mat. f. Astr., o. Fys. 29B, 2 (1943). 
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where # is the intensity of the magnetic field and 
p is the density of the interstellar matter. 

One finds according to the present theory that a 
particle that is projected into the interstellar 
medium with energy above a certain injection 
threshold gains energy by collisions against the 
moving irregularities of the interstellar magnetic 
field. The rate of gain is very slow but appears 
capable of building up the energy to the maximum 
values observed. Indeed one finds quite naturally 
an inverse power law for the energy spectrum of the 
protons. The experimentally observed exponent of 
this law appears to be well within the range of the 
possibilities. 

The present theory is incomplete because no 
satisfactory injection mechanism is proposed except 
for protons which apparently can be regenerated at 
least in part in the collision processes of the cosmic 
radiation itself with the diffuse interstellar matter. 
The most serious difficulty is in the injection 
process for the heavy nuclear component of the 
radiation. For these particles the injection energy 
is very high and the_injection mechanism must be 
correspondingly efficient. 


Il. THE MOTIONS OF THE INTERSTELLAR MEDIUM 


It is currently assumed that the interstellar space 
of the galaxy is occupied by matter at extremely 
low density, corresponding to about one atom of 
hydrogen per cc, or to a density of about 10-™ g/cc. 
The evidence indicates, however, that this matter 
is not uniformly spread, but that there are conden- 
sations where the density may be as much as ten 
or a hundred times as large and which extend to 
average dimensions of the order of 10 parsec. 
(1 parsec. =3.1X10'8 cm=3.3 light years.) From 
the measurements of Adams‘ on the Doppler effect 
of the interstellar absorption lines one knows the 
radial velocity with respect to the sun of a sample 
of such clouds located at not too great distance from 
us. The root mean square of the radial velocity, 
corrected for the proper motion of the.sun with 
respect to the neighboring stars, is about 15 km/sec. 
We may assume that the root-mean-square velocity 


4W. S. Adams, A.p.J. 97, 105 (1943). 
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is obtained by multiplying this figure by the square 
root of 3, and is therefore about 26 km/sec. Such 
relatively dense clouds occupy approximately 5 
percent of the interstellar space.® 

Much less is known of the much more dilute 
matter between such clouds. For the sake of 
definiteness in what follows, the assumption will be 
made that this matter has a density of the order of 
10-*5, or about 0.1 hydrogen atoms per cc. Even 
fairly extensive variations on this figure would not 
very drastically alter the qualitative conclusions. 
If the assumption is made that most of this material 
consists of hydrogen atoms, it is to be expected that 
most of the hydrogen will be ionized by the photo- 
electric effect of the stellar light. Indeed, one can 
estimate that some kind of dissociation equilibrium 
is established under average interstellar conditions, 
outside the relatively dense clouds, for which 


n.?/no ~ (T;)}, (2) 


where n, and mp» are the concentrations of ions and 
neutral atoms per cc, and 7; is the absolute kinetic 
temperature in degrees K. Putting in this formula 
n4=0.1, one finds that the fraction of undissociated 
atoms is of the order of 1 percent, even assuming 
a rather low kinetic temperature of the order of 
100°K. 

It is reasonable to assume that this very low 
density medium will have considerable streaming 
motions, since it will be kept stirred by the moving 
heavier clouds passing through it. In what follows, 
a root-mean-square velocity of the order of 30 
km/sec. will be assumed. According to Alfvén’s 
picture, we must assume that the kinetic energy of 
these streams will be partially converted into mag- 
netic energy, that indeed, the magnetic field will 
build up to such a strength that the velocity of 
propagation of the magneto-elastic waves becomes 
of the same order of magnitude as the velocity of 
the streaming motions. From (1) it follows then 
that the magnetic field in the dilute matter is of 
the order of magnitude of 5X10-® gauss, while its 
intensity is probably greater in the heavier clouds. 
The lines of force of this field will form a very 
crooked pattern, since they will be dragged in all 
directions by the streaming motions of the matter 
to which they are attached. They will, on the other 
hand, tend to oppose motions where two portions 
of the interstellar matter try to flow into each 
other, because this would lead to a strengthening 
of the magnetic field and a considerable increase of 
magnetic energy. Indeed, this magnetic effect will 
have the result to minimize what otherwise would 
be extremely large friction losses which would damp 
the streaming motions and reduce them to dis- 
ordered thermal motions in a relatively short time. 


5B. Stromgren, A.p.J. 108, 242 (1948). 
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Ill. ACCELERATION OF THE COSMIC RAYS 


We now consider a fast particle moving among 
such wandering magnetic fields. If the particle is 
a proton having a few Bev energy, it will spiral 
around the lines of force with a radius of the order 
of 10 cm until it ‘‘collides’’ against an irregularity 
in the cosmic field and so is reflected, undergoing 
some kind of irregular motion. On a collision both 
a gain or a loss of energy may take place. Gain of 
energy, however, will be more probable than loss, 
This can be understood most easily by observing 
that ultimately statistical equilibrium should be 
established between the degrees of freedom of the 
wandering fields and the degrees of freedom of the 
particle. Equipartition evidently corresponds to an 
unbelievably high energy. The essential limitation, 
therefore, is not the ceiling of energy that can be 
attained, but rather the rate at which energy is 
acquired. A detailed discussion of this process of 
acceleration will be given in Section VI. An ele- 
mentary estimate can be obtained by picturing the 
‘‘collisions”’ of the particles against the magnetic 
irregularities as if they were collisions against 
reflecting obstacles of very large mass, moving 
with disordered velocities averaging: to V=30 
km/sec. Assuming this picture, one finds easily 
that the average gain in energy per collision is given 
as order of magnitude by 


dw = Bw, (3) 


where w representS the energy of the particle 
inclusive of rest energy, and B=V/c~10~—. This 
corresponds, therefore, for a proton to an average 
gain of 10 volts per coilision in the non-relativistic 
region, and higher as the energy increases. It 
follows that except for losses the energy will increase 
by a factor e every 10° collisions. In particular, a 
particle starting with non-relativistic energy will 
attain, after N collisions, an energy 


w= Mc exp(B?N). (4) 


Naturally, the energy can increase only if the losses 
are less than the gain in energy. An estimate to be 
given later (see Section VII) indicates that the 
ionization loss becomes smaller than the energy 
gain for protons having energy of about 200 Mev. 
For higher energy the ionization loss practically 
becomes negligible. We shall discuss later the 
injection mechanism. 


IV. SPECTRUM OF THE COSMIC RADIATION 


During the process of acceleration a proton may 
lose most of its energy by a nuclear collision. This 
process is observed as absorption of primary cosmic 
radiation in the high atmosphere and occurs with 
a mean free path of the order of magnitude of 70 
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g/cm?, corresponding to a cross section of about 


Tabs © 2.5 X10-*6 cm? (5) 
per nucleon. 

In a collision of this type most of the kinetic 
energy of the colliding nucleons is probably con- 
verted into energy of a spray of several mesons. 

It is reasonable to assume that the cosmic rays 
will occupy with approximately equal density all 
the interstellar space of the galaxy. They will be 
exposed, therefore, to the collisions with matter of 
an average density of 10-*, leading to an absorption 
mean free path ; 

A=7X1075 cm. (6) 


A particle traveling with the velocity of light will 
traverse this distance in a time 


T =A/c=2 X10" sec. (7) 


or about 60 million years. 
The cosmic-ray particles now present will there- 


fore, in the average, have this age. Some of them . 


will have accidentally escaped destruction and be 
considerably older. Indeed, the absorption process 
can be considered to proceed according to an 
exponential law. If we assume that original particles 
at all times have been supplied at the same rate, 
we expect the age distribution now to be 


exp(—t/T)dt/T. (8) 


During its age ¢t, the particle has been gaining 
energy. If we call + the time between scattering 
collisions, the energy acquired by a particle of age 
t will be 

w(t) = Mc? exp(B*t/r). (9) 


Combining this relationship between age and energy 
with the probability distribution of age given 
previously, one finds the probability distribution of 
the energy. An elementary calculation shows that 
the probability for a particle to have energy 
between w and w+dw is-given by 


a(w)dw=(r/B?T)(Mc?)"!2*Tdw/w'tt/B*T, (10) 


It is gratifying to find that the theory leads natu- 
rally to the conclusion that the spectrum of the 
cosmic radiation obeys an inverse power law. By 
comparison of the exponent of this law with the 
one known from cosmic-ray observations, that is, 
about 2.9, one finds a relationship which permits 
one to determine the interval of time r+ between 
collisions. Precisely, one finds: 2.9=1+7/B*T, 
from which follows 

7=1.9B°T. (11) 


Using the previous values of B and T, one finds 
t=4X107~1.3 years. Since the particles travel 
with approximately the velocity of light, this 
corresponds to a mean distance between collisions 
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of the order of a light year, or about 10!8 cm. Such 
a collision mean free path seems to be quite 
reasonable. 

The theory explains quite naturally why no 
electrons are found in the primary cosmic radiation. 
This is due to the fact that at all energies the rate 
of loss of energy by an electron exceeds the gain. 
At low energies, up to about 300 Mev, the loss is 
mainly due to ionization. Above this energy radi- 
ative losses due to the acceleration of the electrons 
in the interstellar magnetic field play the dominant 
role. This last energy loss is instead quite negligible 
for protons. Also, the inverse Compton effect 
discussed by Feenberg and Primakoff* will con- 
tribute to eliminate high energy electrons. 


Vv. THE INJECTION MECHANISM. DIFFICULTIES 
WITH THE INJECTION OF HEAVY NUCLEI 


In order to complete the present theory, the 
injection mechanism should be discussed. 

In order to keep the cosmic radiation at the 
present level it is necessary to inject a number of 
protons of at least 200 Mev, to compensate for 
those that are lost by the absorption process. 
According to recent evidence,’ the primary cosmic 
radiation contains not only protons but also some 
relatively heavy nuclei. Their injection energy is 
much higher than that of protons, primarily on 
account of their large ionization loss. (See further 
Section VII.) Such high energy protons and heavier 
nuclei conceivably could be produced in the vicinity 
of some magnetically very active star.* To state 
this, however, merely means to shift the difficulty 
from the problem of accelerating the particles to 
that of injecting them unless a more precise esti- 
mate can be given for the efficiency of this or of 
some equivalent mechanism. With respect to the 
injection of heavy nuclei I do not know a plausible 
answer to this point. 

For the production of protons, however, one 
might consider also a simple mechanism which, if 
the present theory is at all correct in its general 
features, should be responsible for at least a large 
fraction of the total number of protons injected. 
According ‘to this mechanism the cosmic radiation 
regenerates itself as follows. When a fast cosmic-ray 
proton collides in the interstellar space against a 
proton nearly at rest, a good share of the energy 
will be lost in the form of a spray of mesons, and 
two nucleons will be left over with energy much 
less than that of the original cosmic ray. Estimates 
indicate that in some cases both particles may have 
an energy left over above the injection threshold of 

6 E. Feenberg and H. Primakoff, Phys. Rev. 73, 449 (1948). 

7Freier, Lofgren, Ney, and Oppenheimer, Phys. Rev. 74, 
1818 (1948); H. L. Bradt and B. Peters, Phys. Rev. 74, 1828 


1948). 
‘ 7 for example W. F. G. Swann, Phys. Rev. 43, 217 
(1933) and Horace W. Babcock, Phys. Rev. 74, 489 (1948). 
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200 Mev, in some cases one and in some cases none. 
We can introduce a reproduction factor k, defined 
as the average number of new protons above the 
injection energy arising in a collision of an original 
cosmic-ray particle. As in a chain reaction, if k is 
greater than one the over-all number of cosmic rays 
will increase; if k is less than one it will decrease; 
if k is equal to one it will stay level. 

Apparently the reproduction factor under inter- 
stellar conditions is rather close to one. This is 
perhaps not a chance, but may be due in part to 
the following self-stabilizing mechanism. The mo- 
tions of the interstellar matter are not quite con- 
servative, in spite of the reduced friction, caused by 
the magnetic fields. One should assume, therefore, 
that some source is present which steadily delivers 
kinetic energy into the streaming motions of the 
interstellar matter. Probably such a source of 
energy ultimately involves conversion of energy 
from the large supplies in the interior of the stars. 
The motions of the interstellar medium are in a 
dynamic equilibrium between the energy delivered 
by this source and the energy losses caused by 
friction and other causes. ‘In this balance the 
amount of energy transferred by the interstellar 
medium to cosmic radiation is by no means ir- 
relevant, since the total cosmic ray energy is 
comparable to the kinetic energy of the streaming, 
irregular motions of the galaxy. One should expect, 
therefore, that ‘if the general level of the cosmic 
radiation should increase, the kinetic energy of the 
interstellar motion would decrease, and vice versa. 
The reproduction factor depends upon the density. 
As the density increases, the ionization losses will 
increase proportionally to it. This tends to increase 
the injection energy and consequently to decrease 
the reproduction factor. On the other hand, also, 
the rate of energy gained will change by an amount 
which is hard to define uriambiguously. One might 
perhaps assume, however, that the velocity of the 
wandering magnetic fields increases with the } 
power of the density, as would correspond to the 
virial theorem, and that the collision mean free 
path is inversely proportional to the 3 power of the 
density, as one might get from geometrical simili- 
tude. One would find that the rate of energy increase 
is proportional only to the ? power of the density. 
The net effect is an increase of the injection energy 
and a decrease of the reproduction factor with 
increasing density. If the reproduction factor had 
been initially somewhat larger than one, the general 
level of the cosmic radiation would increase, drain- 
ing energy out of the kinetic energy of the galaxy. 
This would determine a gravitational contraction 
which would increase the density and decrease k 
until the stable value of one is reached. The 
opposite would take place if k initially had been 
considerably less than one. 


ENRICO FERMI 


But even if this stabilizing mechanism is not 
adequate to keep the reproduction factor at the 
value one, and therefore an appreciable change in 
the general level of the cosmic radiation occurs 
over periods of hundreds of millions of years, the 
general conclusions reached in Section IV would 
not be qualitatively changed. Indeed, if k were 
somewhat different from one, the general level of 
the cosmic radiation would increase or decrease 
exponentially, depending on whether & is larger 
than or less than one. Consequently the number of 
cosmic particles injected according to the mecha- 
nism that has been discussed will not be constant 
in time but will vary exponentially. Combining 
this exponential variation with the exponential 
absorption (8), one still finds an exponential law 
for the age distribution of the cosmic particles at 
the present time, the only difference being that the 
period of this exponential will be changed by a 
small numerical factor. 

The injection mechanism here proposed appears 


‘to be quite straightforward for protons, but utterly 


inadequate to explain the abundance of the heavy 
nuclei in the primary cosmic radiation. The injec- 
tion energy of these particles is of several Bev, and 
it is difficult to imagine a secondary effect of the 
cosmic radiation on the diffuse interstellar matter 
which might produce this type of secondary with 
any appreciable probability. One might perhaps 
assume that the heavy particles originate at the 
fringes of the galaxy where the density is probably 
lower and the injection energy is therefore probably 
smaller. This, however, would require extreme 
conditions of density which are not easily justifiable. 
It seems more probable that heavy particles are 
injected by a totally different mechanism, perhaps 
as a consequence of the stellar magnetism.® 

If such a mechanism exists one would naturally 
expect that it would inject protons together with 
heavier nuclei. The protons and perhaps to a 
somewhat lesser extent the a-particles would be 
further increased in numbers by the “chain reac- 
tion” which in this case should have k<1. Indeed 
their number would be equal to the number injected 
during the lifetime T increased by the factor 
1/(1—k). Heavy particles instead would slowly 
gain or slowly loose energy according to whether 
their initial energy is above or below the injection 
threshold. They would, however, have a shorter 
lifetime than protons because of the presumably 
larger destruction cross section. Their number 
should be approximately equal to the number 
injected during their lifetime. 

One should remark in this connection that a 
consequence of the present theory is that the energy 
spectrum of the heavy nuclei of the cosmic radiation 
should be quite different from the spectrum of the 
protons, since the absorption cross section for a 
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heavy particle is presumably several times larger 
than that of a proton. One would expect, therefore, 
that the average age of a heavy particle is shorter 
than the age of a proton, which leads to an energy 
spectrum decreasing much more rapidly with energy 
for a heavy particle than it does for protons. An 
experimental check on this point should be possible. 


VI. FURTHER DISCUSSION OF THE 
MAGNETIC ACCELERATION 


In this section the process of acceleration of the 
cosmic-ray protons by collision against irregularities 
of the magnetic field will be discussed in somewhat 
more detail than has been done in Section III. 

The path of a fast proton in an irregular magnetic 
field of the type that we have assumed will be 
represented very closely by a spiraling motion 
around a line of force. Since the radius of this 
spiral may be of the order of 10” cm, and the 
irregularities in the field have dimensions of the 
order of 10!8 cm, the cosmic ray will perform many 
turns on its spiraling path before encountering an 
appreciably different field intensity. One finds by 
an elementary discussion that as the particle 
approaches a region where the field intensity 
increases, the pitch of the spiral will decrease. One 
finds precisely that 


(12) 


where # is the angle between the direction of the 
line of force and the direction of the velocity of the 
particle, and H is the local field intensity. As the 
particle approaches a region where the field intensity 
is larger, one will expect, therefore, that the angle 
3 increases until sin’? attains the maximum possible 
value of one. At this point the particle is reflected 
back along the same line of force and spirals back- 
wards until the next region of high field intensity is 
encountered. This process will be called a ‘‘Type A”’ 
reflection. If the magnetic field were static, such a 
reflection would not produce any change in the 
kinetic energy of the particle. This is not so, 
however, if the magnetic field is slowly variable. 
It may happen that a region of high field intensity 
moves toward the cosmic-ray particle which collides 
against it. In this case, the particle will gain energy 
in the collision. Conversely, it may happen that 
the region of high field intensity moves away from 
the particle. Since the particle is much faster, it 
will overtake the irregularity of the field and be 
reflected backwards, in this case with loss of energy. 
The net result will be an average gain, primarily for 
the reason that head-on collisions are more frequent 
than overtaking collisions because the relative 
velocity is larger in the former case. 

Somewhat similar processes take place when the 
cosmic-ray particle spirals around a curve of the 
line of force as outlined in Fig. 1 (‘Type B” 


sin??/H =~ constant, 
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Fic. 1. Type B reflection of a cosmic-ray particle. 


reflection). Here again, the energy of the particle 
would not change if the magnetic field were static. 
On the other hand, the lines of force partake of 
the streaming motions of the matter, and it may 
happen that the line of force at the bottom of the 
curve moves in the direction indicated by the 
arrow @, or that it moves in the direction indicated 
by the arrow 0. In the former case there will be 
an energy gain (head-on collision) while in case } 
(overtaking collision) there will be an energy loss. 
Gain and loss, however, do not average out com- 
pletely, because also in this case a head-on collision 
is slightly more probable than an overtaking colli- 
sion due to the greater relative velocity. 

The amount of energy gained or lost in a collision 
of the two types described can be estimated with a 
simple argument of special relativity, without any 
reference to the detailed mechanism of the collision. 
In the frame of reference in which the perturbation 
of the field against which the collision takes place 
is at rest, there is no change of energy of the 
particle. The change of energy in the rest frame of 
reference is obtained, therefore, by first transform- 
ing initial energy and momentum from the rest 
frame to the frame of the moving perturbation. In 
this frame an elastic collision takes place whereby 
the momentum changes direction and the energy 
remains unchanged. Transforming back to the 
frame of reference at rest, one obtains the final 
values of energy and momentum. This procedure 
applied to a head-on collision, gives the following 
result, 


1+2BB cosé+ B 
1-—B? 


(13) 





w 
w 


where fc is the velocity of the particle, ? is the 
angle of inclination of the spiral, and Be is the 
velocity of the perturbation. It is assumed that the 
collision is such as to produce a complete reversal 
of the spiraling direction by either of the two 
mechanisms outlined previously. For an overtaking 
collision, one finds a similar formula except that 
the sign of B must be changed. We now average 
the results of head-on and overtaking collisions, 
taking into account that the probabilities of these 
two types of events are proportional to the relative 
velocities and are given therefore by (8 cosd+B/ 
26 cos?) for a head-on collision and (8 cos#—B/ 
2B cos#) for an overtaking collision, The result for 
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TABLE I. Energy loss per g/cm? of material traversed. 








Gain/g/cm? 


7.8 X 108 ev 
8.6 X 10° 
16.1 10° 
91 x<10° 


Energy Loss/g/cm? 


107 ev 94 xX<10% ev 
108 15 X108 
10° 4.6 x 10° 
10” 4.6 X 108 











the average of In(w’/w) up to terms of the order of 
B? is: 
(In(w’ /w) ) =4B? —2B*6? cos? (14) 


which confirms the order of magnitude for the 
average gain of energy adopted in Section III. 

As a result of the extreme complication of the 
magnetic field and of its motion, it does not appear 
practical to attempt an estimate by more than the 
order of magnitude. 

One might expect that after a relatively short 
time the angle # will be reduced to a fairly low 
value so that Type A reflections will become 
infrequent. This is due to the fact that when # is 
large, fairly large increases in energy and decreases 
of 3 may occur, if the particle should be caught 
between two regions of high field moving against 
each other along a force line. One can prove that 
Type B reflections change gradually and rather 
slowly the average pitch of the spiral. It appears, 
therefore, that except for the beginning of the 
acceleration processes the Type A will not give as 
large a contribution as one otherwise might expect. 


VII. ESTIMATE OF THE INJECTION ENERGY 


Acceleration of a cosmic-ray particle will not be 
‘possible unless the energy gain is greater than the 
ionization loss. Since this last is very large for 
protons of low velocity, only protons above a 
certain energy threshold will be accelerated. In 
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Section III a value of 200 Mev for this ‘‘injection 
energy” has been given; a justification for this 
assumed value will-be given now. In estimating 
the injection energy we will assume that the 
particle, during its acceleration, finds itself both 
inside relatively dense clouds and in the more 
dilute material outside of the clouds for lengths of 
time proportional to the volumes of these two 
regions. The ionization loss will be due, therefore, 
to a material of an average density equal to the 
average density of the interstellar matter, which 
has been assumed to be 10-* g/cm?, consisting 
mostly of hydrogen. In Table I the energy loss per 
g/cm? of material traversed is given as a function 
of the energy of the proton. In the third column of 
the table the corresponding energy gain is given. 
It is seen that the loss exceeds the gain for particles 
of energy less than about 200 Mev, as has been 
stated. . 

A similar estimate yields for the acceleration of 
a-particles an injection energy of about 1 Bev, for 
the acceleration of oxygen nuclei the initial energy 
required is about 20 Bev, and for an iron nucleus 
it would amount to about 300 Bev. As already 
stated, it does not appear probable that the heavy 
nuclei found in the cosmic radiation are accelerated 
by the process here described, unless they should 
originate at some place in the galaxy where the 
interstellar material is extremely dilute. 

I would like to acknowledge the help that I had 
from several discussions with E. Teller on the 
relative merits of the two opposing views that we 
are presenting. I learned many facts on cosmic 
magnetism from a discussion with H. Alfvén, on 
the occasion of his recent visit to Chicago. The 
views that he expressed then were quite material 
in influencing my own ideas on the subject. 
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inherent in counters with cylindrical geometry. 
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A parallel plate spark counter was constructed to provide a uniformly sensitive avalanche volume 
for the detection of ionizing radiation. It is shown that such a counter avoids the random delay errors 


The spark counter provides a pulse of several hundred volts with a rise time of 3-10-* second, 
requiring no additional amplification for detection. The recovery times show a marked dependence on 
the cathode material and, while they may be several seconds long for some materials, recovery times 
of the order of one millisecond have been obtained with the use of lead and tin cathodes. 

The problem of high resolution counting and also the problem of reducing the recovery time in 


spark counters is discussed. 








INTRODUCTION 


N a recent letter’? the authors published pre- 

liminary data on the characteristics of a parallel 
plate counter which was designed for the purpose 
of realizing the ultimate speed of a gas counter. It 
was shown that the counter manifested, even with 
an arbitrarily large aperture, both rise and delay 
times shorter than 10-° second, and that the 
counter was therefore applicable to the measure- 
ment of lifetimes as short as 10~° second. Since then, 
more quantitative data have been obtained, and 
the counter has been improved. It is proposed in 
this article to present a summary of data on the 
counter which will serve to outline its use as an 
instrument of nuclear physics.* 4 


CONSTRUCTION 


The parallel plate counter is an adaptation of a 
gas counter in which the electrodes have plane 
parallel symmetry. In contrast with the cylindrical 
geometry of the Geiger counter, the gas is con- 
tained in a uniform electric field between the 
electrodes. 

Only a few design features of the counter are 
critical in its performance, and working models of 
widely differing designs have been constructed. 
The plane parallel surfaces are highly polished and 
cleaned with dilute acid before use. The anode 
material is copper, while the cathode substance is 
one of the metals described in the section on 
quenching for the minimum dead time. The elec- 
trodes are spaced with insulators whose effective 
length along the surface is several times the elec- 
trode spacing and which leave a free opening 
between the gas in the counting sensitive region and 
a large reservoir. The accuracy with which the 


1L. Madansky and R. W. Pidd, Phys. Rev. 73, 1215 (1948). 

2 See also Keuffel, Phys. Rev. 73, 531 (1948). 

® These results were presented at the Rochester Counter 
Conference in July, 1948. 

4A second publication which enlarges upon the use of the 
counter for lifetime measurements is being prepared. 
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electrodes are made parallel affects the amount of 
overvoltage permissible and the uniformity of the 
counting sensitivity with aperture. 

Counters have been constructed with electrode 
diameters from 3 inch to 3 inches with no change in 
properties. When soft beta-radiation is to be 
detected, a thick plate electrode design can be used 
with spacings up to 1 cm where the radiation is 
directed between the plates. Beyond 1 cm the pulse 
rise time becomes prohibitively long if the ultimate 
speed of the counter is to be realized. As an alter- 
native, counters have been. developed where the 
electrodes are thin metal foils stretched in a drum 
head mount, shown in Fig. 1, and with this design 
soft radiation can be detected directly through the 
plates. Figure 2 shows the counter constructed for 
the purpose of studying the variation of counter 
properties with spacing. The construction exem- 
plifies the use of C type Lucite spacers with a thick 
plate counter. The cathode jin this case is tin-plated 
copper. 

Gas is introduced into the counters with the 
same precautions that are used in filling self- 
quenching Geiger counters. The additional re- 
quirement is that the vacuum system may be 
required to contain pressures as high as three 
atmospheres. The gas mixture is argon plus 10 
percent butane. 


THE COUNTER OPERATION 


When the counter is used as an electron detector, 
small pulses are observed before the spark threshold 
is reached. These pulses have varying amplitudes, 
the maximum amplitude being one millivolt when 
the operating potential is 200 volts below the spark 
threshold. When the voltage has been raised to the 
sparking threshold, the maximum amplitude of these 
pulses is about 50 millivolts. The appearance of 
these pulses was characteristic of all the pressures 
and spacings investigated. The small pulses do not 
appear to be useful for high resolution counting 
since the pulse rise times are 5-10~* second. The 
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Fic. 1. Thin wall parallel plate counter. 


spark counting region begins at an operating poten- 
tial high enough to allow some of the avalanches to 
develop into a spark. More ionizing events become 
sparks as the operating potential is increased. The 
term “‘counting plateau’’ can be applied somewhat 
loosely to the spark counting region since. the 
pulses here are uniform in amplitude and the spark 
efficiency must approach a saturation value of 100 
percent for sufficiently high overvoltages. However, 
the spark efficiency always increases with over- 
voltage and for this reason the operating point is 
chosen where the overvoltage is a maximum without 
causing breakdown. 

The end of the spark counting region is marked 
by spurious counting, the ultimate amount of 
overvoltage permissible depending on the dead 
time imposed on the counter by a quench circuit. 
The spark discharge after-effects, whether they 
reside in the electrodes or in the gas, cause spurious 
discharges if the overvoltage is restored too soon. 
These effects become more severe as the over- 
voltage is increased. It is clear, however, that these 
after-effects have a finite lifetime and that if the 
overvoltage is removed for a sufficiently long time, 
the counter will be quiescent when it is restored. If 
the maximum overvoltage can be taken to be a 
measure of the plateau width, then it is apparent 
that the plateau width must depend on the quench 
time imposed, a longer quench time compensating 
for the large discharge effects of high overvoltage. 
As an example, with the present technique of 
electrode preparation the maximum overvoltage is 
200 volts for a 1-millisecond quench time. By 
measuring the coincidence counting rates for beta- 


radiation traversing both a 98 percent efficient 
Geiger counter and the parallel plate counter, the 
efficiency for electron detection is 10 percent at this 
overvoltage.® 

Figure 3 is a plot of the spark threshold as a 
function of the product of gas pressure and the 
electrode spacing. The spark threshold is defined as 
the operating voltage at which sparks occur, either 
as observed on an oscilloscope or visually in the 
spark gaps. The criteria used in identifying the 
spark are threefold : (1) The discharge is a luminous 
filament in the gap. (2) The rise time of the spark 
pulse is less than 10~-* second. (3) The spark pulse 
amplitude is several hundred volts. For a particular 
gas mixture, the error in reproducing the threshold 
voltages is 3 percent. Within this accuracy, the 
threshold voltage is observed to be a function of 
pressure times spacing. The data are obtained over 
a continuous range of pressures from 10 cm to 150 
cm Hg; the spacing is varied from 0.5 mm to 5.0 
mm. The gas mixture is tank argon plus 10 percent 
butane. The properties of the counter are not sig- 
nificantly different for different pressures and 
spacings. However, if the detected particle traverses 
the counter perpendicularly to the plane of the 
electrodes, a lower limit on the pressure is required 
for maximum counting efficiency. In standard 
Geiger counter practice, a 98 percent efficient beta- 
counter is obtained with a pressure-spacing product 
=20 cm Xcm Hg. Thus, if the parallel plate spacing 
is 1 mm, the pressure should be 200 cm, and the 
corresponding operating threshold at this point is 
5500 volts. 


Fic. 2. Parallel plate counter with variable spacing. 


5 The efficiency in electron detection can approach 100 
percent when extended plateaus such as reported by Keuffel 
are obtained. 
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Fic. 3. Spark threshold potential. 
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QUENCHING 


The quenching problem can be stated as follows: 
How soon can the overvoltage be restored after a 
spark discharge without causing a spurious counter 
breakdown? The time during which the overvoltage 
is removed from the counter is called the quench 
time or the dead time. Only quench times shorter 
than several seconds have been investigated, and 
in this range it has not been possible to quench the 
counter unless a 10 percent partial pressure of 
butane is added to the argon gas. With this gas 
mixture the counter can be quenched with an 
external resistor or an electronic quench circuit. 
The quench times then vary from several seconds 
to a millisecond depending on the cathode metal 
used in the counter. 

Data on dead times have been obtained for a 
counter quenched with a Neher-Pickering circuit as 
shown in Fig. 4. The dead time is determined by the 
RC time constant of the circuit and is measured on 
a calibrated oscillograph sweep. The time constant 
is adjusted so that the number of spurious counts 
is less than 10 percent of the total counts recorded 
by the counter. Two methods of distinguishing 
between real and spurious counts were employed. 
The first is one in which the true count is identified 
by a coincidence count in a Geiger counter placed 
between the source and the parallel plate counter. 
In the second method the pulses are observed on a 
synchroscope where a spurious count can usually 
be identified as one which appears immediately 
upon the return of the overvoltage after a previous 
discharge. The following dead times were measured 
for counters operated at an overvoltage of 200 
volts. The surface treatment is one of polishing and 
cleaning with appropriate acids. 
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PS 
PRESSURE SPACING (em Hg x em ) 


Dead times >0.1 sec. 0.01 sec. 0.001 sec. 
Cathode Al Cu Pb 
material Au Bi Sn 
Pt 
Brass 


These dead times are much longer than are ob- 
served for Geiger counters. There also is a marked 
dependence of the dead time on cathode material. 
In the concluding sections, it will be proposed that 
the long dead times are due to a delayed electron 
emission from the cathode after a discharge. 


DETECTION OF THE SPARK SIGNAL 


Since the rise time of the spark signal is faster 
than the transit time of ordinary vacuum tubes, the 
detection instrument used in the preceding mea- 
surements is a fast synchroscope of the authors’ 
design. The oscilloscope tube is a Dumont 5RP11 
operated at 30 kilovolts. A photographable sweep 
4 inches long whose duration is 3.10~’ second is 
obtained with a sufficiently sharp focus for a 
resolution less than 10-® second. The signal is 
delayed through coaxial cable (RG 11/u) and fed 
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Fic. 4. Schematic diagram of quench circuit. 


oe 


ae 


OE EOE, 






Ere 




































R. W. PIDD AND L. MADANSKY 


Fic. 5a. (Top) Photograph of spark a for a counter 
with a 1-mm spacing and 1 atmosphere of pressure. (Bottom) 
100-megacycle calibration trace. 


directly to the vertical deflection plates of the 
oscilloscope. The complete circuit designated as a 
coincidence synchroscope will be described in 
another journal. The oscilloscope trace is photo- 
graphed with 35-mm Kodak Linagraph Pan. film 
with an f:1.9 lens. 

A photograph of the spark signal trace on the 
fast synchroscope is shown in Fig. 5a with a 100- 
megacycle signal. The pulse in the photograph was 
formed by a counter with one atmosphere of gas 
pressure and an electrode spacing of one millimeter. 
The rise time of this counter pulse is measured to 
be 3-10-° second, this time being measured from 
the pulse initiation to the first characteristic break 
in the rise. The error in locating the pulse break on 
the oscilloscope trace is somewhat less than 10-° 
sec. The counter anode is coupled to a 50-ohm 
coaxial cable with a 10-micromicrofarad condenser, 
in order to reduce the external circuit load to a 
minimum. The total width of the pulse is determined 
by the time constant of this coupling circuit. 
Figure 5b shows a pulse trace for a counter whose 
spacing is 4 mm and whose pressure is one atmos- 
phere. The linear part of the pulse rise appears to 
have the same slope as in Fig. 5a. However, there 
is no sharp break between the base line and the 
pulse rise. This gradual break introduces an error 
of about 3-10-* sec. in the determination of the 
time at which the pulse was formed. This error is 
characteristic of the large spacings investigated, 
but does not seem to depend on the pressure. 
Therefore, larger spacings will reduce the accuracy 
in timing measurements. 

In addition to the inherent speed of the spark 
discharge, further properties of the spark make 
possible the realization of this speed in practical 
time measurements. In typical operation uniform 
pulses of several hundred volts are obtained. As a 
result of this pulse magnitude, no auxiliary ampli- 
fication is required for observation. Also, since the 
impedance of the spark is less than 50 ohms, the 
counter may supply a transmission line directly, 


Fic. 5b. Photograph of spark pulse for a counter with a 
4-mm spacing and 1 atmosphere of pressure, showing gradual 
pulse break. 


and the necessity of using associated vacuum tube 
circuits for observation is eliminated entirely. 


THEORY OF THE PARALLEL PLATE COUNTER 


The ultimate time resolution of the standard 
Geiger counter is a direct consequence of its 
cylindrical geometry. The rise time (10~" sec.) of 
the counter pulse is limited by the speed with which 
the discharge is propagated along the central wire. 
The well-known random delay time® of the Geiger 
counter pulses depends on the fact that a diffusion 
region exists between the point where the primary 
ionization is produced in the counter and the 
avalanche region surrounding the central wire where 
the pulse is actually formed. Since the primary 
ionization can be produced anywhere in the counter 
volume, this pulse delay introduces an uncertainty 
in time when the particle is detected, and the aver- 
age value of this uncertainty is 5-10~7 second. This 
time can be reduced to 5-10-® second by severe 
collimation of the detected beam to a region sur- 
rounding the central wire; however, this represents 
the final limitation in the shortness of time intervals 
which can be measured with the Geiger counter. 
The primary advantage of plane parallel electrodes 
in a gas counter is that the electric field is then 
uniform and the avalanche region includes the 
entire counter volume. Thus a primary ionization 
event should initiate an avalanche within the first 
mean free path of travel, virtually eliminating a 
delay error.! 

An avalanche initiated in a uniform field charac- 
teristically develops into a spark. The spark 
propagation is described by Loeb’ and the speed 
with which the spark is propagated has been 
measured by several investigators.? The proposed 


6 E.g., C. W. Sherwin, Rev. Sci. Inst. 19, 111 (1948). 
7™L. B. Loeb, Fundamental Processes of Electrical Discharges 
in Gases (John Wiley and Sons, Inc., New York, — pp. 426. 
8H. Raether, Zeits. f. Physik 107, 91 (1937); H. White, 
Phys. Rev. 46, 99 (1934). 
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mechanism of the spark propagation is one in 
which the space charge produced by a small initi- 
ating avalanche causes a field distortion both at 
its leading and trailing edge. In these field distortion 
regions the avalanche sensitivity is increased as if 
the overvoltage were raised; recombination radia- 
tion from the avalanche can photo-ionize the gas 
and in the region of high avalanche efficiency start 
further avalanches. In successive steps, therefore, 
the spark is completely propagated before a single 
avalanche would have been completed, and the rise 
time is less than that which would be expected from 
electron mobilities in the gas. The speed with which 
the spark is propagated is limited only by the 
lifetimes of excited states in the gas. Streamer 
propagation times of approximately 10-* second 
have been measured by Kerr cell observations of 
the spark. The parallel plate counter rise times of 
the order of 10-® second agree in magnitude with 
the predictions of the streamer theory. 


CONCLUSIONS 
I. Time Resolution 


In view of the properties of the parallel plate 
counter, its primary application lies in the mea- 
surement of very short time intervals. The defini- 
tion of the time resolution of a particle detector 
depends on the type of measurement to which it is 
to be applied. As a point of departure, the measure- 
ment of a nuclear lifetime will be discussed since it 
is characteristic of all experiments in which one 
measures short time intervals. Consider a typical 
disintegration scheme where a £-transition is fol- 
lowed by a gamma-ray from the excited state of the 
daughter nucleus. The emission of the initial beta- 
ray indicates the time at which the excited state 
was formed, while the distribution of times of 
emission for the gamma-ray is a measure of the 
lifetime of the state. In practice, a conversion 
electron instead of the gamma-ray itself may be 
detected. A general experimental arrangement is 
shown in Fig. 6. Two counters, c; and ¢2, are placed 
side by side with the source between them. The 
pulse from c, is made to trigger a sweep circuit which 
provides a time base on an oscilloscope screen. The 
pulse from cz is delayed in an artificial line and 
appears on the vertical plates. The delay is arranged 
so that, when c; and ¢ are triggered simultaneously, 
then the vertical pulse appears in the middle of the 
sweep. This central point is the true zero time 
point and pulses that appear to the right or left 
along the time base represent events that are 
delayed with respect to each other. In such an 
experimental study the resolution depends on two 
important properties of the counters. First, the rise 
time of the counter pulse limits the exactness with 
which the time of the pulse initiation can be deter- 
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mined. This is true since the time measurements 
are taken by photographing the pulses on the 
sweep. ‘The break in the time base is an indication 
of the initiation of the pulse from the counter. 
Clearly, a very fast rise is necessary in order to 
have high accuracy in resolving the position of the 
pulses on the sweep. The rise time is also important 
in that it takes a finite voltage to trigger the sweep 
circuit. This in effect creates a delay between the 
initiation of the counter pulse and the initiation of 
the sweep. If the height and slope of the pulse are 
always the same, then this delay is a constant and 
does not effect the measurement. Small changes in 
the slope will cause this delay to vary introducing 
an arbitrary uncertainty in the true time interval 
to be measured. To minimize this effect a large 
pulse with a fast rise time is needed.°® 

The second limitation of this method is the 
inherent random delay errors in the counters. For 
example, if a particle enters the counter at a time fo, 
then the pulse can originate at a time to+7, where 
the magnitude of the distribution of delays r depends 
for the most part on counter geometry. Although a 
determination of such a distribution P(r) provides 
a correction factor and allows a measurement of a 
lifetime somewhat shorter than the average delay, 
the existence of this error is the final limitation on 
the shortest lifetime that is capable of being mea- 
sured. When the lifetimes are as short as 10-® 
second, the Geiger counter ceases to be applicable 
to the counting problem, whereas the important 
range of applicability of the parallel plate counter 
is between 10-* and 10-° second. 


II. The Quenching Problem 


In order to explain the relatively long dead 
times which appear to be characteristic in this 
counter, it is necessary to seek other mechanisms 
than the simple clearing time of the positive ions 
which should be no longer than 100 microseconds. 
In addition, the difference in the work functions of 
the various cathode surfaces is probably insuf- 
ficient to account for such wide differences in the 
dead time. The role of the cathode is more critical 
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Fic. 6. Schematic set-up of the lifetime experiment. 
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* These errors also apply in cases where coincidence circuit 
techniques are used since the circuits are triggered by finite 
pulses. 
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here than in the Geiger counter for two reasons: 
(1) The total ionization in the spark is 1000 times 
that of the Geiger avalanche. (2) No buffer, dif- 
fusion region separates the cathode from the 
avalanche region. 

The large variation of dead times with cathode 
surface suggests that the latter is very important 
in causing spurious discharges. Moreover, Malter?® 
describes a mechanism which would give rise to 
delayed electron emission from the cathode surface 
after the discharge and cause a spurious count. He 
points out that surfaces with oxide layers may emit 
electrons for seconds after having been bombarded 
by an electron beam. 

The Malter effect depends on an insulating layer 
on the cathode becoming highly .charged during a 
discharge, the strong field thus induced at the 
surface being able to free electrons from the 
cathode metal below. It should be pointed out that 
the surface layers were positively charged by 
secondary emission. In the parallel plate counter it 
is possible to suggest that the surface is positively 
charged by the collected ions. If this effect can be 
used to explain the dead times in the parallel plate 
counter, the success of Pb and Sn cathodes could 
be ascribed to a lower resistivity oxide of Pb or 
Sn than of aluminum, for example. In this case the 
induced charge would leak off in a shorter time, 
and after-emission would not last so long. 

If the cathode effects can be eliminated, the pos- 
sibility exists that much better counters than re- 
ported here can be constructed. The dead times are 
not only important to the successful use of the 
counter for general counting problems, but also may 
affect the resolution properties of the counter. It is 
to be expected that higher overvoltages would give 
rise to shorter rise and delay times, and these over- 
voltages can be obtained only if the spurious effects 
they cause are eliminated. It is probable that the 
wide plateaus reported by Keuffel are a result of a 
more successful cathode treatment in which the 
oxide is mostly removed." 


LL. Malter, Phys. Rev. 50, 48 (1936). 
11 Private communication. 
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SUMMARY 


A comparison between the Geiger and the spark 
counter reveals the first as being superior in appli- 
cations where a short recovery time and high effi- 
ciency are required in addition to the stability 
inherent in a counting plateau. However, in many 
problems where timing is important, the spark 
counter may prove to be the only counter with 
sufficiently high resolution for the experiments, at 
the same time having over-all characteristics which 
do not seriously limit its use as a detector. 

Although the standard recording circuits cannot 


-be utilized in the measurements of very short time 


intervals, a fast synchroscope requiring only an 
auxiliary sweep circuit represents perhaps a simpler 
instrument than many in use today. At the same 
time the difficult problem of video amplification is 
eliminated because of the large pulse amplitude. 
The parallel plate counter is also a useful instru- 
ment for the study of gas discharge problems. 
Further work is planned in which the counter 
efficiency will be used as a measure of the total 
ionization required for the initiation of a spark. 
Also, more precise measurements of the spark pulse 
rise time can add significant information on the 
spark propagation. The studies seem to indicate 
a marked dependence of recovery time on the 
cathode, suggesting a delayed electron emission by 
the cathode surface.” Further work is in progress to 
investigate whether this process may be associated 
with the ultimate recovery times of all gas counters. 
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Surfaces of amorphous As exhibit photoelectric emission typical of a semiconductor. Spectral and 


energy distributions for electrons ejected from this material were obtained by the method of inter- 
changeable emitters as previously applied to Te, Ge, and B. The results indicated that the Fermi level 
lay 0.5 ev above the top of the occupied band of electron energy states. Effects due to this energy 
structure were more pronounced than for the elements investigated before, but the same methods of 
analyzing data were applicable. The estimated density of occupied surface states in the forbidden zone 
was of the order of magnitude 10!° cm~*. The work function obtained from energy data was 4.66 ev. 


Thermoelectric measurements showed that the samples were N-type. 





TYPE samples of the semiconductors, Te, Ge, 
and B, have been studied by photoelectric 
techniques based on Millikan’s method of inter- 
changeable emitters.1 As compared with metals 
of the same work function gy, the semiconductors 
emitted very few electrons having energies within 
a range 6 of the Einstein maximum hy—g. This 
range was correlated with the forbidden energy 
interval lying between the Fermi level » and the 
top of the occupied band of electron energy states. 

This note describes analogous experiments on 
amorphous As, a material previously classified only 
as a non-conductor.” Here 6 turned out to be larger 
than for Te, Ge, or B, and the influence of the elec- 
tronic energy structure was more clear-cut. 

The two sealed-off photo-tubes used in this work 
were like those described in reference 1. Surfaces 
were obtained by subliming As from Pyrex refluxing 
chambers® onto Cu, Ni, Ta, or graphite. The sub- 
strates were cooler than 50°C during the depositions. 
Electron diffraction photographs (reflection type) 
showed that the layers were amorphous.‘ The pres- 
sure in both tubes was 10-* mm Hg, a limit ap- 
parently set by the vapor pressure of the As. 
Results were tested for reproducibility on four or 
more separate surfaces in each tube. Other experi- 
mental details were as described in reference 1, 
except that the optical equipment was filled with 
nitrogen to prevent absorption of radiation at 
hy=6.71 ev. 

Figure 1 shows current-voltage characteristics 

* Presented in part at the meeting of the American Physical 
Society, Chicago, November 26, 1948. 

1L. Apker, E. Taft, and J. Dickey, Phys. Rev. 74, 1462 
(1948), and references given there. 

2H. Stohr, Zeits. f. anorg. allgem. Chemie 242, 138 (1939). 

8 Spectrographically standardized As containing traces of 
Sb was obtained from Johnson, Matthey and Company, Ltd. 
(“Matthey” Lot No. 2106). It condensed on the cool part of 
the first refluxing chamber, scaled off, and fell back into the 
hot zone. After several hours of treatment, it was sublimed 
through six more chambers to the photo-tube. Care was 
necessary to prevent tiny flakes from traveling with the vapor. 

4 See reference 2; see also C. S. Barrett, Structure of Metals, 
(McGraw-Hill Book Company, Inc., New York, 1943), and 


references given there. Miss Eileen Alessandrini kindly took 
electron diffraction data on the emitters. 
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for As and for a typical metal having the same work 
function, g=4.66 ev. Several metallic emitters 
were used to determine the ‘stopping potential 
at 0°K” by DuBridge’s method. This reference 
point, Vo=(¢.—hyv)/e, corresponding to the coin- 
cident Fermi levels of the emitters, is marked by an 
arrow at —2.05 volts in the figure (here ¢, is the 
work function of the collector—also 4.66 ev). 
The curve for As approaches the axis J=0 tangen- 
tially and falls to unmeasurable values at a point 
Vo’ ~—1.55 volts. Thus, no detectable fraction of 
the electrons had energies within 0.5 ev of the 
Einstein maximum, hy—¢g=2.05 ev (in contrast, 
almost half of those from the metal lay in this 
range). We conclude! that the As was a semicon- 
ductor with 6=e( Vo’ — Vo) ~0.5 ev. More sensitive 
tests made at hy=6.12, 5.80, and 5.42 ev gave the 
same result. 

Simplifying assumptions made in reference 1 led 
to the following expression for the energy distribu- 
tion of the photoelectrons from a semiconductor: 
N(v, E) =q(v)E(hv— g—6—E)™ where q is a slowly 
varying function of v. When m=2 and 6=0.53, 
this relation leads to characteristics like those ob- 
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Fic. 1. Current-voltage characteristics for amorphous As 
and for a metallic emitter with the same work function, 4.66 
ev. The arrow marks Vo, the “stopping potential for 0°K”. 
The saturation points are at V=0. Currents are normalized 
at V=+10 volts. For As, I/Ii=1.10 at V= +400 volts. To 
avoid confusion, only a few of the experimental points are 
given. T=300°K; hy=6.71 ev. The abscissae should be nega- 


tive. 
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Fic. 2. N(»v, E)/E vs. hv-—g—E for As with hv=6.71 ev. 
For comparison, data on crystalline Te (6~0.1 ev) are shown 
with ordinates reduced fivefold; the arrows mark points at 
which E=0 for As (—2.05 volts) and for Te (—1.36) volts) ; 
for the latter, hy =6.12 ev. The dotted line shows the form of 
the Fermi function (arbitrarily normalized here at 0.0015) to 
which this type of plot reduces when the emitter is a simple 
metal at 300°K. 


TABLE I. Observed yields from As and yields calculated from 
the relation Y=10~* (hy—5.15)* electrons/quantum. 











hy Y (obs.) Y(calc.) 
5.38 ev 3X1077 2.8X 10°? 
5.49 1.5X10-* 1.310% 
5.70 1.51075 1.0 10-5 
6.19 1.1 10~* 1.2 10~* 
6.71 5x 10-* 5.9X 10~¢ 








served for As. (A discussion of the parameter m is 
given in the earlier paper.) As shown in Table I, 
the spectral distribution of the yield can be de- 
scribed approximately by the relation y=10- 
X(hv—5.15)* electrons/quantum, consistent with 
the values m=2 and 5=0.49. Below 5.2 ev, Y was 
less than 10-7 and could not be measured, even 
though hy still exceeded yg by more than 0.5 ev. 
Both the energy and the spectral distributions are 
thus indicative of the same energy structure. 

The foregoing discussion is useful for comparing 
energy and spectral data. It is over-simplified for 
other purposes, however, and it involves the simul- 
taneous determination of two adjustable param- 
eters. The disadvantages inherent in such a pro- 
cedure are obvious. A more satisfactory approach 
is made in Fig. 2, which shows N(v, E)/E versus 
hv—g—E for hv=6.71 ev. In the neighborhood of 
hv—y—6, this function was interpreted previously 
as being roughly proportional to s(v, €)n(e). (Here s 





is a photoelectric excitation probability, m is the 
density of states, and ¢ is the energy of the electrons 
before excitation.) Data taken at other frequencies 
showed that s increased by less than a factor of two 
as hy decreased from 6.71 to 5.42 ev. The variation 
of s with e did not change form significantly in this 
frequency range, however, since all characteristics 
had the same shape. To the extent that s varies 
slowly with e, the.curve in Fig. 2 should show the 
same variation as the density of occupied states 
(plotted as a function of u—e and averaged over the 
emitting area). The approach in the previous 
paragraph makes use of a parabolic approximation 
to sn when m=2. 

These results are similar in character to those 
found previously for Te (see Fig. 2). They show 
that the “stopping potential’ Vo’, corresponding 
to the edge of the occupied band, can be as sharply 
defined for an amorphous material as for a crystal- 
line one. In both cases, however, the parameter m 
is larger than 3, the value which would be expected 
if s were independent of ¢ and if the occupied band 
had the normal form n(e)«(u—é—e)! near its 
high energy limit. (The phenomenon may be caused 
by fluctuations in 6 over the emitting area.') Thus, 
N(v, E)/E is concave upward and there is some 
uncertainty as to the exact location of the ‘“‘edge.” 
For Te, 6 is only 0.1 ev, and this effect is relatively 
important; for As, it is of little consequence. 

In the previous work, Te, Ge, and particularly B 
exhibited a very small but measurable emission 
throughout the range Vo<V<V,' (corresponding 
to initial states in the forbidden zone). Surface 
levels with an estimated density near 10" cm~? were 
assumed as possible sources of these currents. For 
amorphous As, no such emission was detectable. 
Thus, an upper limit to photo-current originating 
in the forbidden band was about 10-® electron/ 
quantum, corresponding to a surface state density 
of the order of magnitude 10!° cm-?.15 

Cursory examination of these As samples and of 
others similarly produced showed that the volume 
properties of the material were consistent with the 
results given above. The thermoelectric power 
ranged between 0.1 to 0.5 mv/degree at 300°K 
and was N-type in all cases. Resistances were about 
10’ ohms at 300°K and were an order of magnitude 
less at 350°K. 


’Since adsorbed gases may affect surface state densities, 
results obtained in gettered vacuum are probably not directly 
comparable with those found for surfaces in air by other meth- 
ods (W. Shockley and G. L. Pearson, Phys. Rev. 74, 232 
(1948); see also references in the paper of footnote 1). We 
wor indebted to Dr. J. Bardeen for a communication on this 
subject. 
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Pulse methods are applied to the case of second sound in 
liquid helium JZ. Both transmitter and receiver consist of 
thermal elements and d.c. pulses are used throughout. The 
advantages of pulsing are enumerated for the particular case of 
second sound. The analagous electrical circuit is formulated 
for the geometry involved. Data is recorded photographically 
and examples for several cases presented. Velocity of second 
sound is given as a function of temperature; both the high 
temperature and low temperature ranges are extended past 
those of previous investigators employing standing wave 


methods. Attenuation of these d.c. pulses is given as a function 
of temperature. The “filtering in time” inherent to the pulse 
method permits the investigation of several forms of coupling 
between second sound and ordinary sound. The previously 
known conversion between second sound and classical sound 
in helium vapor is examined quantitatively. In addition, 
conversion of second sound to first sound within the liquid 
is induced by exceeding critical intensities and observed by 
means of a classical detector. A third conversion, probably 
occurring upon reflection from a boundary, is illustrated. 





I. INTRODUCTION 


T is well known that liquid helium JJ is capable 
of supporting two independent modes of wave 
propagation. One of these is called first sound and 
is merely ordinary sound generated and detected by 
usual acoustical means. The other mode of propa- 
gation is called second sound and is unique in 
being associated primarily with the thermal proper- 
ties of the liquid. The velocity of second sound is 
an order of magnitude lower than that of first 
sound and depends strongly upon temperature. 
The theoretical aspects of these properties of 
liquid helium JZ have been fully treated in the 
literature.'~? It is sufficient to point out that current 
theories regard liquid helium JJ as a mixture of two 
fluids, called superfluid and normal fluid, and that 
the two modes of propagation correspond to modes 
of oscillation of these fluids. For first sound the two 
fluids vibrate in unison, with the composite liquid 
“stiffness,” or tendency toward equilibrium density, 
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Fic. 1. Block diagram. 


* This research has been supported in part by the Signal 
Corps, The Air Materiel Command, and ONR. 

** This investigation was the as of a related pro- 
gram originally started with Dr. W. Horvath of the Navy 
Operations Evaluation Group, while a guest at RLE. ’ 

+t This work has been described in considerable detail 
(photographs, curves of velocity and attenuation, etc.) in an 
RLE Progress Report (reference 6) and has been summarized 
in a letter to the Editor of this journal (reference 6a). 

*** Now at Cryogenics Laboratory, The National Bureau of 
Standards, Washington, D. C. 

1L, Tisza, J. de Phys. et rad. 1, 165, 350 (1940). 

1° L. Tisza, Phys. Rev. 72, 838 (1947). 

? L. Landau, J. Phys. U.S.S.R. 5, 71 (1941) ; also 8, 1 (1944). 


providing the restoring force in the classical man- 
ner. For second sound the two fluids perform a type 
of internal convection (out of phase with each other) 
with an “‘internal stiffness,’ or tendency toward 
their equilibrium concentrations, as the restoring 
force. 

The experimental demonstration of the existence 
of second sound as such was first accomplished by 
Peshkov,? who used thermal methods of excitation 
and detection, and employed a standing wave 
technique. Peshkov measured wave velocity as a 
function of temperature and eventually extended 
these measurements down to 1.15°K. Second sound 
was verified experimentally by Lane,‘ who like- 
wise employed resonance methods but used a unique 
system of detection. Ordinary sound, converted 
from thermally generated second sound, was de- 
tected by an ordinary microphone. 

In an effort to extend the velocity measurements 
in both the high temperature and low temperature 
directions, and in order to investigate various 
properties of second sound not readily vulnerable to 
standing wave methods (such as attenuation and 
coupling with ordinary types of sound) an alterna- 
tive experimental approach was developed for the 
present research. Previous work‘ on the investiga- 
tion of first sound in liquid helium JZ had shown a 
pulse method to have particular advantages. It 
accordingly appeared that by substituting thermal 
elements for the piezo-electric transducers employed 
previously, the inherent advantages of the pulse 
method could likewise be achieved for second sound. 
The experiments® ®* conducted proved the method 
to be even more productive for such ‘thermal wave” 


investigations. 


3V. Peshkov, J. Phys. 10, 389 (1946); also 8, 381 (1944) ; 
also 10, 389 (1946). ; 

4C. T. Lane, H. Fairbank, H. Schultz, and W. Fairbank, 
Phys. Rev. 70, 431 (1946) and 71, 600 (1947). 

5 J. Pellam and C. Squire, Phys. Rev. 72, 1245 (1947). _ 

6]. Pellam, M.I.T. Research Laboratory of Electronics 
Quarterly Progress Report, July 15 (1948). 

6a J. Pellam, Phys. Rev. 74, 841 (1948). 
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Fic. 2. Second sound pulse in liquid helium JJ (data of 
June 1, 1948). Sweep proceeds from extreme left where gen- 
erating voltage pulse appears via pick-up. Received signal 
occurs at right. Intermediate region represents ambient tem- 
perature (slope is due to amplifier recovery from initial pulse). 
Markers represent 61.1 u-second intervals. Additional faint 
signals indicate conversion between first and second sound. 


II. THE PULSE METHOD 


The particular capabilities of the method may 
best be set forth following a brief description of the 
general technique, illustrating the type of data ob- 
tained. Application of pulse techniques to second 
sound was accomplished by generating heat pulses 
electrically within liquid helium JJ and detecting 
the resultant ‘“‘thermal waves’’ as they arrived later 
at a temperature sensitive receiving element. 
Standard pulsing methods were employed, includ- 
ing oscilloscopic presentation of the signal, so that 
large amounts of data could be recorded rapidly by 
photographic means. 

The system is represented in Fig. 1 by a block 
diagram. Triggers from the DuMont A/R Range 
Scope simultaneously started the scope time sweep 
and activated a multivibrator. Video voltage pulses 
from the multivibrator (of about 150 y-seconds 
duration) were imposed across the resistor Ru, 
thereby developing thermal pulses within the 
adjacent liquid helium JJ, that is, second sound. 

The temperature fluctuations associated with 
second sound pulses were detected upon arrival at 
the temperature sensitive carbon’ resistor Re. The 


VOLTAGE~ TEMPERATURE 
CURRENT~ HEAT FLOW DENSITY FLUCTUATION 
1: Ht (CAL/SEC-CM*) cunsctensne veaT CK) 
[4 








CARBON LAYER 
TRANSMITTER RECEIVER (caLsom*) 


Fic. 3. Analogous circuit (all quantities referred to unit 
cross-sectional area). [Characteristic Thermal Impedance]}"! 
=Characteristic Conductance={cz where c:=Velocity of 
second sound, ¢=Specific heat per cc for helium JJ. The wave 
equation V*7 = 1/c2*(d*7-/dt*) associated with this transmission 


* line reduces to Poisson’s equation V?Z7=0 for the zero fre- 


quency case, with solution 7=constant. This corresponds to 
the constant electrical potential within a perfect conductor (or 
uniform pressure within a compressed gas for the acoustical 
case) and illustrates the inadequacy of early heat conduction 
experiments based on steady state heat flow. (Cy should be 
expressed in units of cal./cm? deg.) 


7H. A. Fairbank and C, T. Lane, Rev. Sci. Inst. 18, 525 
(1947), 
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current through Rz was held essentially constant 
(about 4 milliamperes d.c.) by means of a much 
larger series resistor R3, so that corresponding 
voltage pulses were developed. These were sent to 
an audio amplifier the output of which fed to the 
vertical plates of the scope. 

A typical sample of a second sound pulse is 
shown in the photograph of Fig. 2, for a fixed 
distance of 7.57 centimeters between transmitter 
and receiver and a temperature of 1.653°K. The 
time sweep proceeds from the extreme left, where 
the d.c. generating pulse may be seen (as the result 
of pick-up within the gear). By sufficiently reducing 
the beam intensity the radar range markers alone 
appear, so that the trace itself is composed of 
markers. The first marker represents 48.2u-seconds 
time delay, and each interval thereafter 61.1,- 
seconds. 

Since the sweep commenced simultaneously with 
the beginning of the video pulse, the location of the 
received signal to the right was a measure of the 
transit time. Thus counting the number of markers 
between the start of the generating pulse and the 
beginning of the received signal led to wave velocity. 


III. CAPABILITIES OF METHOD 


Departure from standing wave techniques pro- 
vided features unique to pulsing. 


1. Darect Reading 


Data was taken directly by photographing the 
screen, in contrast to investigating a standing wave 
pattern.*4 Resultant rapid readings simplified the 
temperature control problem. The pulse position 
on the screen was in fact utilized for holding tem- 
perature constant in regions near the A-point where 
velocity changes rapidly and measurements near 
to the \-point obtained. 


2. Low Heat Input 


The low heat input characteristic of pulsing, 
plus rapidity of measurements, reduced the low 
temperature restrictions to second sound measure- 
ments. Readings in the neighborhood of 1°K were 
thus accomplished by pumping methods. Ultimate 
measurements of velocity at the extremely low 
temperatures attainable by adiabatic demagnetiza- 
tion appear practicable. 


3. Additional Mechanisms Observable 


The isolation of second sound in discrete packets 
of energy (pulses) and the inherent time delay 
feature made possible the investigation of various 
propagation mechanisms otherwise obscured by 
the system resonances inherent to standing wave 


methods, 
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Fic. 4. Apparatus with movable receiving element for 
measurements between 1.5°K and the A-point. 
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Fic. 5. Apparatus for measurements below 1.5°K. 


Thus by observing the diminution in amplitude 
of independently progressing pulses, attenuation 
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Fic. 6. Elapsed time delay versus transit distance for 
various temperatures (data of June 8, 1948), Zero intercept 
illustrates absence of significant inherent time delays. 


has been measured and its temperature dependence 
determined. Likewise coupling phenomena between 
second sound and ordinary sound were isolated 
sufficiently for quantitative study. Three different 
types of such coupling have thus far been observed. 
The transit time of any particular signal identified 
it definitely with the type of wave motion involved, 
by virtue of the known difference in wave velocities. 


IV. OPERATING CONSIDERATIONS 
Heat Input (Optimum Conditions) 


Low heat input may be attributed to the follow- 
ing. First, all thermal energy of d.c. pulses appears 
as second sound ; for sinusoidal generating currents, 
on the other hand, equal amounts of energy go to 
second sound (at twice the impressed frequency) 
and to continuous heating. Next, the intermittent 
nature of pulsing results in low average power for 
high peak power. Finally, rapid recording of data 
reduces the total heating interval. 

Heat is introduced by the receiver as well as by 
the transmitter, due to its constant d.c. current 
(maintained during photographic exposure). Op- 
timum conditions (minimum total heating for 
given received signal strength) occur when the 
average transmitter heating is twice the average 
receiver heating. For pulsed systems this allows 
reduction in total average heating without sacri- 
ficing peak power signals. 


Analagous Circuit 


It was necessary for design to evaluate quantita- 
tively the function of the liquid helium portion of 
the total circuit (Fig. 1). The nature of the thermal 
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wave allows a complete analogy to electrical 
propagation, resulting in a characteristic thermal 
impedance for second sound; that is, temperature 
fluctuation replaces voltage, and heat flow per 
unit area replaces current so that the thermal im- 
pedance is the ratio of the two. The reciprocal 
quantity, intensity of heat flow per temperature 
change, is ‘thermal conductance. It was learned 
near the completion of this program that a quantity 
identical to thermal impedance had been. derived 
independently. and checked by Osborne,’ so that 
the present discussion concerns only the analagous 
circuit. 

The circuit applies to unit cross section area of 
fluid and becomes, for the particular geometry, a 
transmission line terminated in capacitances Cp at 
either end.{t Numerically Cy is the unit area 
heat capacity of a thin carbon surface layer. 
Thermal impedance depends upon known proper- 
ties of liquid helium JJ (see Fig. 3), so that tempera- 
ture fluctuations (and therefore signal strength) 
were predicted, based on the ‘‘analagous current”’ 
H of heat flow per unit transmitter area. 


IV. EQUIPMENT 


Apparatus Employed between 1.5°K 
and the 4-Point 


Separate equipment was employed for the meas- 
urements above and below 1.5°K. For above 1.5°K 
the receiver element* was movable relative to the 
transmitter, a sectional view of the apparatus ap- 
pearing in Fig. 4. The apparatus is shown supported 
on the inner glass Dewar A which contained the 
liquid helium. Liquid helium was admitted by 
inserting the transfer tube of the Collins Cryostat 
through the opening provided by tube B, later 
sealed as shown for applying vacuum. 

Video pulses from the multivibrator were fed 
down the small coaxial line C to the disk E acting 
as the generator of second sound. This disk was 
composed of resistance strip (carbon layer’ on 
Bakelite base) of 800 ohms per square. The voltage 
pulses were fed to the center terminal F of this 
disk and developed a radial current flow to the 
circumference which was grounded. Carbon-to- 
metal contacts were assured at both the center and 
edge of the disk by means of silver paste electrodes, 
and mechanical support by a narrow brass rim spun 
over the periphery. 

The second sound pulses were constrained to 
travel within the glass tube G which also provided 
a guide for the receiving element H. This receiver 
was identical to the transmitting element, consist- 


8D. Osborne, Nature 162, 213 (1948). 

tt Assuming that the thermal resistivity of the carbon layer 
was greatly exceeded by that of its Bakelite backing ; otherwise 
dissipative circuit elements would enter. 
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ing also of a carbon coated disk. Here however 
advantage was taken of the temperature depend- 
ence of the carbon surface resistance. The center 
conductor (leading from the midpoint of the re- 
ceiver disk #) carried the resultant pulses through a 
vacuum seal to the amplifier. 

Actually because of complete top-to-bottom 
symmetry, the roles of transmitter and receiver 
were occasionally interchanged. In order to keep 
the propagation essentially one-dimensional, the 
exposed carbon surfaces of the disks extended to 
within less than one millimeter from the glass 
guide, of inner diameter five-eights inch. 

The entire receiver mounting could be moved 
vertically and clamped at any desired position. A 
vacuum seal was provided for all positions of the 
receiver by means of the crude rubber tubing R 
fitted about tube J and attached to cap S via the 
short tube 7; vacuum seal to the Dewar A itself 
resulted from a rubber sleeve (not shown) fitting 
over S and squeezed tight about the glass. 

Zero setting, corresponding to coincidence of the 
two disks, was checked during each run by lowering 
the receiver until the center electrodes made elec- 
trical contact; an additive constant was obtained 
from x-rays of the gear in the same position. 

Temperature was determined by reading vapor 
pressure. For this it was essential that liquid 
helium JJ inside the glass guide G remain in com- 
plete equilibrium with the liquid helium outside, 
where pumping and manometric readings occurred. 
Accordingly tube G was perforated by two small 
holes, one considerably above the liquid surface, 
and the other beneath the level of transmitter E. 
The upper hole V assured vapor pressure equi- 
librium, and the lower V’ maintained temperature 
equilibrium within the liquid. Like liquid levels 
inside and outside evidenced this desired condition. 


Apparatus Employed below 1.5°K 


The majority of the results were obtained with 
the previously described equipment. However for 
attempting the determination of velocity behavior 
at extremely low temperatures, equipment was 
later constructed along known lines for attaining 
lowest. temperatures by pumping. As shown in 
Fig. 5 the essential portions of the apparatus were 
unchanged, except that constant transmitter- 
receiver separation was employed. 

Especially long glass dewars were constructed 
for this phase of the program. Suspended within 
the inner one A was a metal container B, surround- 
ing in turn an inner metal capsule C for lowering 
helium temperatures to 1°K. Liquid helium was 


‘condensed into this container C under slight pres- 


sure through the narrow neck D, using roughly one 
millimeter of helium transfer gas for thermally 
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2.036°K 


1.993°K 


1.947°K 


1.894°K 


1.860°K 







1.816°K 


1.770°K 


1.715°K 


1.653°K 


Fic. 7. Second sound pulses at various temperatures for 
fixed transmitter-receiver distance of 7.57 centimeters (data 
of June 2, 1948). The trend with temperature is evident. 


connecting B and C. Thermal isolation was then 
provided by evacuating this intermediate space 
with a diffusion pump so that heat could flow to the 
measurement chamber only via the narrow tube D 
(one millimeter diameter) or through the needle 
supports E. Naturally heat was introduced elec- 
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trically during pulsing and detection of second 
sound. 

Within chamber C was a second sound cell F 

of fixed path-length 5.190 centimeters. Electrical 
leads to the transmitter G and the receiver H passed 
unshielded through the narrow neck D; inter- 
coupling was, however, unimportant since resulting 
pick-up occurred before the pulse reached the re- 
ceiver for detection. Shielded conductors led 
through vacuum seals to outside co-axial lines. 
. Temperature equilibrium was assured inside the 
measurement chamber by means of small perfora- 
tions through the transmitter and receiver disks. 
However, due to the haste in construction it was not 
possible to provide accurate temperature measuring 
elements within the inner chamber, and the values 
deduced from vapor pressure readings are subject 
to considerable uncertainty. 


V. EXPERIMENTAL RESULTS 
A. Velocity Measurements 
1. Extraneous Time Lag Absent 


Before interpreting the ratio of transit distance 
to transit time directly as second sound wave 
velocity, it was necessary to establish the absence 
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of extraneous time delays. This is demonstrated in 
Fig. 6 where total delay time is plotted versus path 
length for various temperatures. Extrapolation 
gives a series of straight lines converging near the 
origin and indicates that any additional time delays 
occuring during formation or detection of the pulses 
were negligible compared to the transit times (three 
to four thousand y-seconds for velocity measure- 
ments). Alternatively, velocities based on incre- 
ments in time delay for known increments in path 
length agreed with those of the more direct method. 
Furthermore the elapsed time to the beginning 
of the primary signal was independent of pulse 
duration (at least for 30u-seconds or more), pulse 
repetition frequency, and input transmitter voltage. 
This was in line with Peshkov’s results, which 
indicated absence of frequency dispersion. 


2. Velocity as a Function of Temperature 


The temperature dependence of second sound 
velocity near the A-point is demonstrated in Fig. 7, 
showing signals for related temperatures. Spaced 
approximately 0.05°K apart, these photographs 
show an orderly decrease of wave velocity with 
increasing temperature (since the delay time in- 
creased, distance remaining fixed). 
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Fic. 8. Second sound wave velocity versus temperature. Dotted line indicates Peshkov’s results; circles represent 


resent 


measurements obtained with equipment of Fig. 4; triangles represent present measurements obtained with equipment of Fig. 5. 
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Fic. 9. Attenuation: Signal strength versus time delay for 
constant temperature (7 =2.134°K) (data of June 17, 1948). 
Crosses represent data from individual motion picture frames. 
— decrease in signal strength with increased transit 

istance. 


The composite results of a large number of 
measurements of velocity are plotted in Fig. 8, 
where each point represents an individual photo- 
graphic determination. Different symbols are used 
to represent values obtained with the two sets of 
equipment, in order to differentiate in terms of 
reliability. Thus circles indicate values measured 
with the apparatus of Fig. 4, for which temperature 
determinations are reliable; direct vapor pressures 
measured at the free HeJJ surface preclude sys- 
tematic errors. On the other hand values repre- 
sented by triangles were obtained with the equip- 
ment of Fig. 5, for which ‘“‘manometric tempera- 
tures” indicated may have deviated from the true 
temperatures, due to the narrow pumping tube D. 

Although the circles are restricted to the higher 
temperature range between 1.5°K and the A-point, 
the triangles cover the entire temperature range. 
The marked correlation between the circles and 
the dozen odd triangles appearing above 1.5°K 
clearly indicates the reliability of temperatures 
measured in this upper range through the narrow 
neck D. Any temperature aberrations arising in this 
equipment (Fig. 5) may thus be associated with the 
extreme low temperature range only. 

For purposes of comparison, Peshkov’s results 
are given by the dotted line. Nearly complete 
agreement between the two sets of data is evident 
in the range from 1.4°K to the A-point, where 
present results deviate only slightly from Pesh- 
kov’s. The small variations appear to be systematic, 
and the present determinations are presented in 
numerical form in Table I. Each velocity value is 
the average of several (three to twelve) separate 
measurements. 

Velocity measurements as low as three meters 
per second were attained from still photographs. 
By recording the signal behavior with motion pic- 
tures while passing in and out of the A-point (transit 
distance of millimeters), velocities below two meters 
per second were observed. The latter are marked as 
crosses on the extension of the curve toward zero. 

In contrast to the results above 1.4°K, the 
velocity measurements at the lower temperatures 
deviate markedly from those of Peshkov. This 
points strongly to temperature discrepancies in the 
present lowest temperature determinations and 
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makes these values significant only with reserva- 
tions. Thus no numerical values are given in Table I 
for temperatures below 1.4°K. Could the similar 
flattening of Peshkov’s velocity curve originate in 
like causes? 


B. Attenuation Measurements 
1. Decay of Second Sound Pulses 


By lifting the receiver of Fig. 4 vertically through 
the liquid helium JJ as pulses were being sent from 


TABLE I. Measurements of the velocity of second 
sound at various temperatures. 








/ 
Temperature (°K) Velocity (m/sec.) Temperature (°K) Velocity (m/sec.) 





2.176 3.12+0.07 1.955 17.78+0.06 
2.174 3.91+0.08 1.925 18.35+0.08 
2.170 5.00+0.14 1.900 18.78+0.07 
2.163 6.91+0.40 1.877 18.89+0.05 
2.158 7.57 +0.09 1.858 19.29+0.06 
2.153 9.01+0.17 1.837 19.46+0.06 
2.146 10.54+0.07 1.806 19.68+0.07 
2.121 11.63+0.14 1.771 19.91+0.03 
2.105 12.64+0.30 1.745 19.99 +0.05 
2.084 13.65+0.08 1.698 20.10+0.01 
2.056 14.83+0.10 1.654 20.26+0.08 
2.027 15.78+0.06 1.603 20.07 +0.04 
2.000 16.77 +0.09 1.489 20.06 +0.03 

1.408 19.83+0.03 








the transmitter, a decrease in signal strength could 
be observed with increased path-length. The one- 
dimensional characteristics of the propagation 
precluded geometrical attenuation due to wave 
divergence. Accordingly such losses in signal 
strength were ascribed to true liquid attenuation. 

Motion picture records of the screen were taken 
as the receiver was thus raised. For analysis each 
individual frame was projected against a screen, 
and the height of the signal marked. Successions 
of such markings resulted in curves as illustrated 
in Fig. 9. Experience showed that the temperature 
of the liquid bath remained virtually constant dur- 
ing this procedure, satisfying isothermal require- 
ments. For this sample the ambient temperature 
was 2.134°K. The scale factor relating time-delay 
(indicated on the scope) to actual distance between 
transmitter and receiver was of course the known 
second sound velocity. 





Fic. 10. Second sound pulses showing primary signal plus 
first echo (data of June 11, 1948). Temperature of 2.164°K 
and path-length of 0.374 centimeter. (Generating pulse 
markedly reduced by greater electrical shielding.) 























1190 


Signal strength thus plotted was a direct indica- 
tion of temperature fluctuations accompanying 
second sound pulses. Accordingly a measure of the 
exponential ‘‘temperature attenuation coefficient”’ 
a, defined by the equation 


AT =ATe-™ (1) 


was obtained for second sound pulses, where AT 
is not to be confused with the ambient temperature 
T, and x is distance in centimeters. 

Alternative attenuation determinations were ob- 
tained from photographs showing multiple echoes. 
Thus Fig. 10, for a temperature of 2.164°K and 
transit distance of 0.374 centimeter, demonstrates 
multiple ‘reflections and multiple excursions for 
second sound. The echo shows the attenuating 
effect of the triple path-length resulting in anni- 
hilation of subsequent echoes. 


2. Attenuation as a Function of Temperature 


From data like Fig. 9 the exponential ‘‘tempera- 
ture attenuation coefficient’’ a was evaluated for 
the temperature range from 1.65°K to the d-point. 
Fig. 11 gives a, plotted in units of reciprocal centi- 
meters, versus the ambient liquid temperature T. 
The results were for pulses of approximately 150y- 
seconds duration and repetition rate 78 per second. 
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Fic. 11. Attenuation coefficient a (cm™) versus temperature 
(data of June 17, 1948) for 150 yw-sec. pulses at 78/sec. p.r.f. 
Circles for variable path-length data; squares for multiple 
reflection data; curve represents reasonable mean value. 
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Fic. 12. Surface conversion: Comparison between pulses 
detected within liquid and within vapor (T=2.023°K) (data 
of June 18, 1948). Upper photograph for receiver above sur- 
face. Lower photograph for receiver beneath surface. 


Additional data from multiple echoes (as in Fig. 
10) are plotted in squares. For these alternative 
determinations complete reflectivity was assumed 
for each end of the second sound path. 

Attenuation is extremely small over most of the 
temperature range investigated, being an amplitude 
decrease per centimeter of less than one percent at 
1.65°K (0.2 decibel per centimeter). Apparent 
however is a consistent increase with increased 
temperature, setting in*especially above 2.0°K and 
leading to probably infinite value at the \-point. 
The highest measured value of a was 4.1 cm. 
This strong attenuation suffered by the pulses in 
approaching the A-point provides a natural an- 
nihilation of second sound, forbidden in the helium J 
phase setting in above 2.19°K. 


C-1. Conversion at Surface 
1. Detection in Vapor 


The conversion phenomenon previously ab- 
served by Lane to occur at the interface between 
liquid helium JJ and its equilibrium vapor was 
studied by pulse methods. Both media appeared 
infinite to pulses, so that system resonances were 
avoided and surface conversion proceeded quite 
independently of the geometry. 

As the movable receiver of Fig. 4 was lifted 
vertically through the liquid surface and out into 
the vapor, the signals from second sound pulses 
below gave way to signals from classical sound 
within the vapor. Although the thermal detector 
was insensitive to ordinary sound (first sound) in 
the liquid, where the specific heat ratio barely 
exceeds unity, this was not the case for classical 
sound generated in the vapor above, where the 
ratio is five-thirds. 
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Fic. 13. Surface conversion: Temperature fluctuation versus 
time delay (T=2.162°K). Sharp drop in signal strength 
represents emergence of receiver from liquid to vapor above. 


Figure 12 shows a set of signals, one the second 
sound pulses detected within the liquid, and the 
other the pulses detected by the same thermal ele- 
ment when lifted into the vapor. 

Methods identical to those employed for measur- 
ing second sound decay resulted in curves such as 
shown in Fig. 13, where temperature fluctuations 
are plotted (in arbitrary units) versus time delay. 
The effects of pulling the receiving element through 
the surface are apparent. 

By recording a series of still photographs with 
the receiving element in the vicinity of the surface, 
the time delay accompanying this process may be 
plotted versus the position, as in Fig. 14. 


2. Observed Boundary Conditions 


The behavior of the received signal in the vicinity 
of the surace provides insight to the boundary 
conditions holding during the conversion process. 
Plots of signal strength versus position (Fig. 13) 
indicate amplitudes of temperature fluctuation 
from the ambient to be of like order of magnitude 
in the liquid and in the vapor. The dozen observa- 
tions made in the range from 1.7°K to the A-point 
show ‘‘temperature amplitudes’ in the vapor pulses 
to have been actually one-half those in the second 
sound pulses arriving from the transmitter. Vir- 
tually no dependence upon ambient temperature 
was evident. 

Similarly transit times plotted versus position 
revealed the instantaneous nature of the process 
(delays were measured to the center of signal 
pulses so that results were independent of possible 
pulse shape alterations), as illustrated by Fig. 14 
for 2.023°K. The intersection of the two relation- 
ships without discontinuity at the surface indi- 
cates no associated time lag. 


C-2. Conversion at Transmitter 


1. Overdriven Second Sound 


A conversion from second sound to first sound 
within the liquid helium JJ is demonstrated in 
Fig. 15, obtained by substituting a classical (vibra- 
tion) microphone for the thermal receiving element. 
This well illustrates the ‘time filtering’ aspect of 
pulse methods; the path length and-scope time 
sweep were identical to those of Figs. 2 and 7, 
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Fic. 14. Surface conversion: Transit time versus path 
length (7 =2.023°K). Circles for receiver in liquid ; crosses for 
receiver in vapor; dot for position of receiver not certain, 
probably in liquid. 


but the primary pulse position associates the 
propagation unmistakably with the high wave 
velocity of first sound. 

Although the presence of second sound itself was 
not revealed directly by the vibration microphone 
(undetectable second sound was present when 
Fig. 15 was taken, in the same manner that un- 
detectable first sound was present when Figs. 2 and 
7 were taken) the phenomenon was associated 
closely with the thermal properties of liquid he-- 
lium JI. Thus for example it disappeared abruptly 
above the A-point (a faint signal was actually 
obtained above the A-point, but orders of magni- 
tude weaker). 


2. Breakdown Conditions 


The hypothesis of the first sound generation by 
internal degeneration of second sound was fur- 
thered by the non-linear characteristics of the 
process. Figure 16 shows the observed signal 
strength (first sound amplitude) as a function of 
input voltage to the transmitter. Below the lower 
critical limit of three volts no effect is observable; 
above this value the signal increases with voltage 
in an orderly fashion. Insufficient data has been 
taken for establishing any temperature dependence 





” Fic. 15. Presence of first sound detected by vibration 
microphone (7'=2.09°K). Note short time delay due to 
higher velocity. 
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Fic. 16. First sound signal amplitude versus transmitter 
voltage (data of May, 1948) (T=2.09°K). 


of the critical voltage; results thus far would sug- 
gest little variation. 

Regarding the actual time processes involved, 
the position on the screen was found to be quite 
independent of pulse width, pulse repetition fre- 
quency, and power input (as was the second sound 
signal previously discussed). There was however 
evidence of time delay. On the basis of the first 
sound only, computed velocities were somewhat 
lower than known values, especially at tempera- 
tures just below the A-point. Attributing this ob- 
vious delay to a portion of the path traversed as 
second sound, it was found that the conversion 
evidently takes place about one-fourth millimeter 
from the transmitter surface. This distance does 
not change appreciably in the range from 1.7°K 
to the A-point, resulting in the larger time delays 
from lower second sound velocities near the A-point. 


C-3. Conversion upon Reflection 
1. First Sound Converted to Second Sound 


The faint signals roughly nine range markers 
behind: the primary signals of Fig. 7 indicate still 
another conversion. The separation between sig- 
nals corresponds to first sound transit time, includ- 
ing the above-mentioned delay during formation. 
Signals were evidently generated at the receiver 
by pick-up between the leads to the transmitting 
and receiving elements (see start of sweep in Fig. 7 
where receiver amplifier was driven to saturation). 
Upon arrival at the actual transmitter surface, 
these first sound pulses were reflected with partial 
conversion to second sound. Arriving back at the 
receiver, the resultant second sound pulses were 
detected thermally and recorded with delay times 
corresponding to one first sound transit plus one 
second sound transit. That the entire process in this 
speculation could not have been in reverse seems 
likely in view of the d.c. detecting current existing 
only at the receiver. 


VI. INTERPRETATIONS AND CONCLUSIONS 


In fairness to the pulse method it is mentioned 
that the full potentialities of the technique were not 
attained during this research, which was conducted 
under difficult experimental conditions. 

In fact it is entirely likely that second sound was 
first observed using an impulse method, by Ganz? 
while measuring heat conductivities. Ganz dis- 
charged a condenser through a resistor in liquid 
helium JI and detected a thermal impulse one 
meter distant within 0.05 sec., but apparently 
overlooked the wave nature of the phenomenon. 


A. Velocity 


In the upper temperature range the agreement 
with Peshkov’s results is satisfactory. The present 
velocities appear to approach zero somewhat more 
abruptly at the A-point, as indicated by the lowest 
values. Also a slightly lower maximum value was 
obtained. That the present results show deviations 
both above and below those of Peshkov is evidence 
against any source of systematic error, as would 
arise from extraneous time delays, in the range from 
1.4°K to the \-point. 

The primary purpose of extending the velocity 
measurements to extreme low temperatures was to 
detect any gross increase or decrease in velocity. 
Both of the present theories!*?!° predict strong 
variations, but in opposite directions. In this re- 
spect it was felt that approximate low temperature 
determinations would suffice to reveal such trends. 
The apparent small velocity dependence ‘‘near 1°K,”’ 
however, defeats this objective, probably because 
of temperature uncertainties. A decisive answer 
apparently awaits the application of pulse methods 
to paramagnetically cooled liquid helium. 


B. Attenuation 


1. Theoretical Considerations 


It is not possible at this juncture to correlate the 
observed attenuation with theoretical predictions. 
Even if an adequate theory did exist, the broad 
frequency characteristics of the d.c. pulse spectrum 
would obscure the frequency dependence. However, 
certain speculations can be made. 

In a paper® with Squire on attenuation of first 
sound in liquid helium JJ, it was explained that 
absorption might be expected there because of 
viscosity, but that the virtually isothermal nature 
of first sound precluded absorption by heat conduc- 
tion. Values computed on this entirely classical 
basis failed to account for the observed first sound 
attenuation, thereby suggesting other second order 
effects, probably disequilibrium between the two 


liquid components. 


9E. Ganz, Proc. Camb. Phil. Soc. 36, 127 (1940). 
10 FE. Lifshitz, J. Phys. U.S.S.R. 8, 110 (1944). 
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PULSED SECOND SOUND 


For second sound the situation is more compli- 
cated, since inherent temperature fluctuations 
should enhance absorption by second order heat 
conduction (irreversible heat flow by diffusion 
within the normal fluid component). Furthermore 
the variations from equilibrium concentration of 
the fluid components should produce absorptive 
transitions between the two. Both of these have 
been suggested by Tisza.!* 

For concreteness the expected attenuation due 
to viscosity is derived for a single frequency v: 


avis = (8%°nnv?/3pC2*) (ps/ pn). (2) 


This expression is identical to that for first sound 
absorption, except for the replacement of first 
sound velocity by second sound velocity cz and the 
additional factor p./p, accounting for the manner in 
which momentum and energy are shared between 
the component fluids; p;/p, is the ratio of super- 
fluid density to normal fluid density, p the total 
density, and 7, the viscosity coefficient of the 
normal fluid component (see reference 5). 

All of the absorption mechanisms depend thus 
inversely upon the third power of wave velocity, 
so that relatively high absorption of second sound 
should be expected (the velocity being one or two 
orders of magnitude less than for first sound). 
The low values plotted in Fig. 11, result entirely 
therefore from the low frequencies composing the 
pulse spectrum (below several kilocycles). Assum- 
ing the usual frequency squared dependence, 
second sound should be absorbed drastically in the 
megacycle range. 

The presence of wave velocity in the denominator 
of (2) also accounts qualitatively for the observed 
sharply increased attenuation near the A-point 
(where cz approaches zero). The p,/p, factor par- 
tially counteracts this rise for the case of viscosity, 
so that additional absorption mechanisms must 
play predominent roles. 


2. Present Object and Limitations 


The purpose of the present attenuation investiga- 
tion was to establish the dependence upon tem- 
perature. It is emphasized that these were rough 
measurements and that for precise work pulsed 
c.w. rather than pulsed d.c. should be employed. 
The resulting elimination of a broad frequency 
spectrum, with its probably selective absorption, 
should improve accuracy. Such scatter as appears 
in Fig. 11 is probably attributable to this source 
(deviation from true exponential decay). Extreme 
uncertainty is indicated by arrows, so that a at 
lowest temperatures lies between the circles at 
maximum values and zero. 

The application of pulsed c.w. would likewise 
determine the frequency dependence and would 
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‘specify the constant factor fixing the absolute 
magnitude of a. 


C-1. Conversion at Surface 
1. Boundary Condition Indicated 


On the basis of such data as Figs. 12 and 13, it 
was stated that the vapor pulses appeared to 
possess roughly one-half the temperature fluctua- 
tion from the ambient of the second sound pulses 
originally arriving at the surface. The consistency 
with which this amplitude ratio remains unchanged 
over a wide temperature range strongly suggests 
a boundary condition. That this boundary condi- 
tion might actually be a continuity of temperature 
at the surface, apparently reduced to one-half by 
instrumental factors, must not be overlooked. 

Interpreting the observed values as direct tem- 
perature ratios requires the tacit assumption that 
the receiving element behaves identically in both 
liquid and vapor. The quite different thermal 
properties of the two media might cause the receiver 
to modify the two modes of propagation differently, 
presumably lowering the measured ratio. As may 
be seen from Fig. 12, the slight change in pulse 
shape appears insufficient to halve the ratio. 


C-2. Conversion at Transmitter 
1. Breakdown of Second Sound Observed 


The virtual disappearance above the \-point of 
first sound signals detectable by a vibration micro- 
phone (Fig. 15) clearly indicates a mechanism 
depending upon the particular thermal properties 
of liquid helium JJ. Evidently the high thermal 
conductance of liquid helium JZ provides means for 
injecting thermal energy from the transmitter 
surface into the liquid mass. The mass transfer 
characteristics of this orderly heat flow (second 
sound), involving only relative densities of the 
fluid components, appears to degenerate; the re- 
sultant less ordered heating provides the over-all 
density fluctuations of first sound. Such a process 
is expected on the basis of Kapitza’s"' experiments 
on breakdown of superfluid flow through narrow 
apertures; this was in fact predicted by Peshkov’* 
for the internal convection of second sound. 


2. Critical Heat Flow Density Indicated 


By analogy to Kapitza’s observations, internal 
turbulence between the fluid components ought to 
occur only above critical relative particle velocities. 
That is, liquid helium J/ supports heat flow up toa 
certain critical density above which internal fric- 
tion sets in. This is apparent in Fig. 16 where first 
sound generation, once commenced, increases regu- 


1 P, Kapitza, J. Phys. U.S.S.R. 5, 59 (1941). 
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larly with heat flow density. Like results for fric¢ 
tional retardation were observed by Kapitza"™ with 
regard to a critical superflow velocity. 

Only an order of magnitude value for cirtical 
heat flow density may be given at this time. At 
2°K the internal convection appears to have suffered 
degeneration at a heat flow density of about 0.0025 
cal./cm? sec. This is less than used by Lane,‘ thus 
possibly explaining his detection of first sound by a 
completely submerged microphone. 

Continued measurements in this direction are ex- 
pected to provide detailed information on the criti- 
cal relative velocities of the two fluids during the 
internal convection process. 


C-3. Conversion upon Reflection 


Finally the faint signals of Fig. 7 show that by 
some process first sound has been converted to 
second sound during reflection from the carbon 
coated Bakelite surface. No explanation for this is 
attempted; it is not known whether the carbon 
surface might be sufficiently penetrable to super- 
fluid for the conversion expected at a porous sur- 
face!” to have occurred. 


12 J. Pellam, Phys. Rev. 73, 608 (1948). 
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The hyperfine structure of the ground state of tritium was measured by the atomic beam mag- 
netic resonance method. The frequency of the field independent central Zeeman component of the 
transition (F=1<+F=0) gives the h.f.s. almost exactly with a field correction of less than 0.001 Mc. 
The mean of three independent determinations of the h.f.s. in different weak magnetic fields is 
1516.702+0.010 Mc. The probable error is caused by the uncertainty in the Doppler correction and 
possible asymmetry in the resonance lines causing a shift in the center of the line. The reproducibility 
of determining the center of the resonance line was +0.002 Mc. The theoretical value of the h.f.s. 
based on the triton-proton moment ratio and the value of the h.f.s. of hydrogen is 1516.709+0.015 
Mc. The theoretical and experimental values agree within the probable error of the moment ratio, 
1 part in 105, which also proves that the spin of the triton is }. 


INTRODUCTION 


HE hyperfine structure of the ground state of 
tritium has been measured by the atomic 
beam magnetic resonance method! previously em- 
ployed by the authors? in the case of H and D. A 
measurement of the h.f.s. is well-suited to test the 
theory of the h.f.s. of the hydrogens as it has been 
extended in the light of the results obtained with 


H and D. 


1 P, Kusch, S, Millman, and I. I. Rabi, Phys. Rev. 57, 765 


(1940). 
2 J. E. Nafe and E. B. Nelson, Phys. Rev. 73, 718 (1948). 


The h.f.s. separation in absolute frequency units 
for the 2S; state of a hydrogenic atom having 
infinite nuclear mass has been calculated by Fermi* 
and is given by 

v=[82/3h][(22+1)/I]unuoy*(0), (1) 
where J is the nuclear spin in units of h, uy and po 
the nuclear and electronic magnetic moments, 
respectively, and ¥(0) the Schrédinger wave func- 


tion evaluated at r=0. 
The effect of the relative motion of the nucleus 


3E. Fermi, Zeits. f. Physik 60, 320 (1930). 
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on the h.f.s. of hydrogen has been calculated by 
Breit and Meyerott,* who find that an additional 
correction factor of [1+(m/M) ]- is to be applied 
to Eq. (1) where m and M are the electron and 
nuclear masses, respectively. This is equivalent to 
replacing the electron mass implicitly contained in 
y(0) by the reduced mass of the electron. Finally, 
the g factor of the electron has been found experi- 
mentally by Kusch and Foley® to exceed the value 
2, predicted by the Dirac theory, by the factor 
(1.00119). This correction has been calculated by 
Schwinger® who finds the factor to be [1+(a/2z) ], 
where a is the fine structure constant. 

The values of the h.f.s. of H and D may be 
calculated from Eq. (1) using values of the proton 
and deuteron magnetic moments obtained from the 
measurement of the proton moment by Millman 
and Kusch’ and the ratio of the deuteron to proton 
moment of Bloch, Levinthal, and Packard.* When 
the above corrections are included, the results agree 
with the observed values of the hydrogen and 
deuterium h.f.s. to within the probable errors in 
the magnetic moments. On the other hand, the 
ratio of the measured hydrogen h.f.s. to that of 
deuterium was lower by 0.017 percent than the 
ratio calculated from Eq. (1). It was shown by 
Aage Bohr® that a correction of 0.018 percent to 
the ratio of the h.f.s. can be calculated by taking 
into account the compound structure of the deu- 
teron. 

The tritium h.f.s. can be calculated from the 
known ratio of the magnetic moments of the proton 
and triton, obtained by Bloch, Graves, Packard, 
and Spence,!° and the measurement by the authors 
of the h.f.s. of hydrogen. Effects of the kind con- 
sidered by Aage Bohr have been estimated by 
Fermi and Teller! to result in a reduction of the 
h.f.s. of tritium by about one part in 10% In 
considering explanations of the triton moment (i.e., 
exchange moment or large orbital moment), Avery 
and Sachs” estimate that in either case the tritium 
anomaly would be roughly five percent of that in 
the case of deuterium. 


METHOD 


The nuclear spin of the triton has been found® to 
be J=4; consequently, the ground state of tritium 


4G. Breit and E. R. Meyerott, Phys. Rev. 72, 1023 (1947). 

5 P. Kusch and H. M. Foley, Phys. Rev. 74, 250 (1948). 

6 J. Schwinger, Phys. Rev. 73, 416 (1948). 

7S. Millman and P. Kusch, Phys. Rev. 60, 91 (1941). 

8 F. Bloch, E. C. Levinthal, and M. E. Packard, Phys. Rev. 
72, 1125 (1947). 

9A. Bohr, Phys. Rev. 73, 1109 (1948). 

10F, Bloch, A. C. Graves, M. E. Packard, and R. W. 
Spence, Phys. Rev. 71, 551 (1947). 

4 E. Fermi and E. Teller, Notes on Pocono Conference of 
ro sponsored by National Academy of Science, April 1, 


2 R, Avery and R. G. Sachs, Phys. Rev. 74, 1320 (1948). 
13F, Bloch, A. C. Graves, M. Packard, and R. W. Spence, 
Phys. Rev. 71, 373 (1947). , 
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is split into two h.f.s. levels corresponding to F=1 
and F=0. The upper state is split in the presence 
of an external magnetic field into three levels 
corresponding to mrp=0 and +1. The energies of 
these magnetic levels and of the (F=0, mr=0) 
level are given as a function of the magnetic field 
strength by the Breit-Rabi formula. The field 
dependence of these levels is shown in Fig. 1. The 
energies are measured in terms of the h.f.s. splitting, 
AW. The parameter X is proportional ‘to the 
magnetic field intensity. For tritium the value 
X =1 corresponds to a magnetic field intensity of 
about 552 gauss. 

In very weak fields of the order of a few gauss, 
the lines resulting from the transitions F=1, m=0 
or +1<+F=0, m=0 are the Zeeman components 
of the line F=1<+F=0. The frequency, fi, of the 
central component of the Zeeman pattern is field 
independent, to the first order, and gives the h.f.s. 
almost directly. A second-order field correction is 
obtained from the frequency separation, Af, of the 
adjacent Zeeman components and is —2(Af)?/f1. 
The external field was sufficiently small that the 
second-order correction was less than 1:10°; thus 
the h.f.s. splitting is found directly, without any 
knowledge of the magnetic field or the atomic or 
nuclear g factors. 


APPARATUS 


The apparatus used previously in the measure- 
ment of the h.f.s. of H and D was modified by the 
addition of a gas recirculation system so that a 
small sample of gas would suffice for a run of a few 
hours’ duration and could be recovered after the 
experiment. A Leybold three-stage mercury diffu- 
sion pump provided fore vacuum for the oil diffusion 
pumps and could discharge the gas at a pressure of 
20 mm. The gas was passed through a hot palladium 
thimble and a liquid air trap before being admitted 





2 

















2 


Fic. 1. The magnetic field dependence of the energy of the 
magnetic components of the h.f.s. multiplet of an atom in 
the 25; state. The spin of the nucleus is }. 


4G, Breit and I. I. Rabi, Phys. Rev. 38, 2082 (1931). 
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to the discharge tube. The gas was recirculated at 
the rate of about 2 cc at NTP per minute. A 
Toepler pump was used to recover the gas at the 
end of the run. 

During recirculation of the gas, the tritium was 
gradually lost by chemical exchange and adsorption 
and the relative concentration of the tritium was 
reduced by the evolution of H from the system. 
The evolution of H was associated with the opera- 
tion of the discharge tube, the total quantity of H 
being very constant when molecular gas was re- 
circulated. Prolonged flushing of the discharge tube 
with He did not retard the evolution of the gas. 
Preliminary tests on the recirculation system were 
performed by flushing the system with H for a long 
period of time and then observing the change in 
the concentration of the D component of a recircu- 
lated H and D mixture. The evolution of H was so 


fast that the D component was lost within a few . 


hours. The source of this excess gas was not located 
and the evolution of the foreign gas was the princi- 
pal experimental difficulty. 

The r-f currents which produce the oscillating 
magnetic field were propagated along a two-wire 
transmission line which lies in the uniform magnetic 
field. The beam travels between and parallel to the 
wires. The plane of the wires is inclined at an angle 
of 45° to the direction of the uniform magnetic field ; 
thus the r-f field has components both parallel and 
perpendicular to the uniform field and both o- and 
m-transitions may be induced. This was necessary 
because the polarization requirements are such 
that the (1,0<00,0) transition is induced only by 
the component parallel to the uniform field and the 
(1,1<90,0) transition by the component perpendic- 
ular to the uniform field. In the measurements on 
H and D, the transmission line was shorted within 
the uniform field, the beam traveling through the 
shorting plate. By terminating the transmission 
line, external to the vacuum system, its frequency 
sensitivity was reduced and a crystal rectifier could 
be used to give am indication of the magnitude of 
the r-f current. 

A grounded-grid coaxial line oscillator (Radar 
Jammer T-85/APT-5) using a 3C22 lighthouse 
tube supplied the r-f current at 1516 Mc. The 
frequency could be varied continuously for about 
5 Mc by moving a micrometer screw into the grid- 
plate coaxial line. The precision of the measurement 
was not limited by the stability of the oscillator. 
The r-f system was tested, preliminary to the 
experiment, by studying the (1,1<0,0) line in H 
at frequencies in the neighborhood of the expected 
h.f.s. of tritium. The power output of the oscillator 
and the termination of the transmission line were 
such that the (1,1<00,0) line could be located 
without difficulty when the frequency was within 
+2 Mc of the expected h.f.s. of tritium. 


E. B. NELSON AND J. 
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The frequency of the r-f signal was measured by 
heterodyning the signal from the oscillator with 
harmonics of the output of a 240-Mc crystal con- 
trolled frequency standard. A crystal controlled 
signal at 1500 Mc was obtained by mixing the 
harmonics of the 240-Mc signal with harmonics 
from the lower frequency stages. The difference of 
about 16 Mc between the frequency of the 1500-Mc 
standard and that of the unknown signal was 
measured directly by a General Radio Heterodyne 
frequency meter, Model 620-A, with an accuracy 
+0.001 Mc. The frequency of the r-f signal could 
be measured to +0.001 Mc at 1516 Mc. The 
frequency of the 5-Mc stage of the frequency 
standard was compared frequently with that broad- 
cast by the Bureau of Standards, WWV, and never 
was found to differ by as much as 1 cycle/sec. 
(1 part in 5X10). 


EXPERIMENTAL PROCEDURE 


In the measurements on the h.f.s. of H and D, 
the intensity of the atomic beam was measured as 
a function of the frequency of the r-f field inducing 
the transition. The time required to map a single 
resonance line was about 45 min. The preliminary 
experiments on the recirculated H and D mixture 
indicated that the tritium component would prob- 
ably be lost so rapidly that it would be impossible 
to map the lines; consequently, the procedure was 
modified to permit rapid observation, with a 
possible reduction in precision. 

The centers of the spectrum lines were obtained 
by observing the deflection of the galvanometer in 
the Pirani detector bridge circuit as a function of 
the frequency of the r-f field inducing the transition. 
The frequency was increased from below the reso- 
nance frequency, or decreased from above, until a 
sharp reduction in the deflection of the galvanom- 
eter was observed and the mean of these two 
frequencies was taken to be the center of the line. 
An attempt was made to approach the line at the 
same rate and to note symmetrical points on the 
sides of the resonance lines. The validity of this 
method is discussed in the following section. 


RESULTS 


The mean of three independent determinations 
of the h.f.s. of tritium is 1516.702+0.002 Mc, where 
+0.002 Mc is the average deviation from the mean 
of the separate determinations of the center of the 
field independent line, and does not include an 
estimate of the suspected systematic errors. The 
errors on account of the Doppler shift and a possible 
assymmetry of the line are probably less than 
+0.010 Mc. The h.f.s. of tritium is then 


1516.702+0.010 Mc. 
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A detailed discussion of the experimental results 
and the validity of the measurements is given in 
this section. 

For each of the three runs, a different value of 
the intensity of the weak magnetic field was used. 
In each case, the field independent (1,0<00,0) line 
and the field dependent (1,1<+0,0) line were ob- 
served. The third line of the Zeeman pattern cannot 
be observed with this apparatus for the change in 
the atomic moment is too small to cause a meas- 
able defocusing of the beam. The results of these 
measurements are given in Table I. The magnetic 
field intensity, derived from the frequency separa- 
tion of the tritium lines, is given in column 1, the 
frequency of the lines in columns 2 and 3, the 
number of determinations of the center of the field 
independent line in column 4, and the h.f.s. of 
tritium in column 5. The uncertainty listed for the 
(1,0<+0,0) line and for vr is the average deviation 
from the mean of the individual determinations of 
the center of the (1,0<00,0) line. 

The identification of the lines whose frequencies 
are given in Table I was checked carefully. The 
field independence of the line identified as (1,0<+0,0) 
is evident from the data of Table I. The field 
independence was checked in one case by increasing 
the field from 0.5 gauss to 2.38 gauss. The frequency 
of the line was observed to increase from 1516.702 
Mc to 1516.723 Mc. (The frequency of the field 
dependent line would have increased by about 3.5 
Mc.) The identification of the field dependent 
(1,1<+0,0) line was checked by comparing the value 
of the magnetic field, calculated from the separation 
of adjacent Zeeman components in tritium with 
that obtained from the Zeeman spectrum of H or D. 

The precision of the measurement of the h.f.s. of 
tritium is limited by the precision of locating the 
center of the (1,0<00,0) line. The deflection of the 
galvanometer caused by the beam of tritium and 
the other hydrogens was about 18 cm and at best 
the reduction of this intensity at resonance was 
expected to be about 2.5 cm. The reduction in 
beam intensity caused by the (1,0<0,0) transition 
was initially about 1.5 cm, decreasing to about 1.0 
cm as the beam became contaminated with hydro- 
gen. The reduction in beam intensity caused by 
the atomic transition was observed against a back- 
ground drift of the galvanometer spot, caused by 
thermal drift in the detector, of about 1 cm/min. 
The time constant of the detector is about 20 sec. 
The entire detector system was sufficiently stable 
that in the absence of a beam a frequency varia- 
tion of +0.5 Mc about the expected position of 
the tritium resonances produced spurious effects 
amounting at most to a few mm. A definite deflec- 
tion of about 1 cm was observed when the resonance 
line was approached rapidly so that the drift in 
the detector did not mask the reduction in intensity. 
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The theoretical half-width, Af, of the (1,0<+0,0) 
line is given by the uncertainty principle 


AfAt~1, 


where Af is the time spent by the beam in the r-f 
field. Assuming the temperature of the beam, which 
effused from the water-cooled source to be 300°K, 
the expected half-width of the line is 0.045 Mc. The 
apparent width of the line was much less than this, 
+0.010 Mc, the reduction being caused by the 
overshooting of the edge of the line in causing a 
definite deflection of the galvanometer. The repro- 
ducibility of the results is about 7 the theoretical 
half-width of the line. 

The validity of this method of obtaining the 
center of the spectrum line was demonstrated by 
measuring the known h.f.s. of H in a field of 0.729 
gauss, where the second-order field correction is 
0.0014 Mc. The mean of five determinations of the 
center of the (1,0<00,0) line was 1420.408+0.001 
Mc, from which the value, 1420.407+0.001 Mc, is 
obtained for the h.f.s. This result agrees very well 
with the value, 1420.410+0.006, obtained previ- 
ously by careful mapping of the hydrogen lines. 


SYSTEMATIC ERRORS . 


The important systematic errors in the measure- 
ment of the h.f.s. are those involved in the measure- 
ment of the frequency of the (1,0<>0,0) line. Natural 
asymmetry of the line or the asymmetry and shift 
of the center introduced by a Doppler shift would 
cause the observed center of the line to differ from 
the true center. 

Inhomogeneities in the uniform magnetic field 
shound not distort the (1,0<+0,0) line. In the experi- 
ments on H, it was observed that, when the field 
dependent line was broadened by field inhomo- 
geneity to about five times its natural width, the 
(1,0<90,0) line was symmetrical and not broadened 
by a measurable amount. The line might be skewed 
if the magnitude of the r-f current were less than 
the optimum and the r-f current were a sensitive 
function of the frequency. The r-f system was 


TABLE I. Results of the weak field measurements of the h.f.s. 

















of tritium. 
Magnetic No. 
field, (1,1 0,0) (1,0—0,0) of 
gauss MC MC obs. vr, MC 
1517.117 
1516.703+0.002 5 1516.703+0.002 
0.289 1517.103 
1516.701+0.001 5 1516.701+0.001 
1517.097 
1517.400 
0.496 1516.701+0.002 7 1516.700+0.002 
1517.391 
0.63 1517.575  1516.705+0.004 9 1516.704+0.004 

















1198 


checked by studying the (1,1<90,0) field dependent 
line in H at 1516 Mc. As the current was adequate 
for the field dependent line, which should be 
broadened by field inhomogeneities, it was more 
than adequate for the field independent line. 

An upper limit can be set on the systematic error 
caused by the Doppler shift. This Doppler shift 
has been observed in repeating the measurement 
of the h.f.s. of H with this r-f system. The apparent 
h.f.s., measured when the beam traveled in the 
direction of propagation of the r-f power, was 
always larger than when it traveled in the opposite 
direction. The atomic tritium beam travels in the 
direction of propagation of the r-f power along the 
transmission line. A shift of +0.008 Mc would be 
expected for those atoms of the beam whose 
velocity equals the average velocity of the beam, 
if the termination of the transmission line were 
perfect. The error is probably considerably less 
than this, for reflections are produced by the 
Micalex spacers which support the line. 

In the previous measurements on the h.f.s. of H, 
the transmission line was shorted within the uni- 
form field, the beam passing through the shorting 
plate. The standing wave ratio adjacent to the 
short was probably high and therefore the Doppler 
shift only a fraction of the theoretical value. (The 
Doppler shift for H atoms having the average 
velocity of the beam would be 0.014 Mc.) No error 
caused by Doppler shift enters the measurement of 
the h.f.s. of D. The r-f current flows around the 
beam in a solenoidal manner and the r-f field has 
the same phase along its length. 


DISCUSSION OF RESULTS 
The h.f.s. of tritium is related to that of H by 


T= vi(ur/up)(Mr/ My)’, (2) 


where ur/up is the ratio of the triton to proton 
moment and M,/My is the ratio of the reduced 
mass of the electron in tritium to that in hydrogen. 
Using the Bloch, Graves, Packard, and Spence?® 
value of the moment ratio, 1.066636+0.000010, 
and our value of the h.f.s. of H, 1420.410+0.006 
Mc, the computed value of the h.f.s. of tritium is 
1516.709+0.015 Mc. The theoretical and experi- 
mental values agree within the precision of the ratio 
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of the magnetic moments, 1:10. The uncertainty 
in the value of the reduced mass ratio is too small 
to affect the precision of the calculated value of the 
h.f.s. 

In calculating the h.f.s. of tritium, relative to 
hydrogen, no correction for the detailed interaction 
of the electron with the nucleons of the nucleus 
was applied. Nevertheless, the agreement between 
the calculated and experimental values is one part 
in 10°. In view of the fact that this was far from 
true in the case of deuterium where an important 
correction had to be made for the effect of the 
structure of the nucleus, this is very surprising, 
However, by considering the difference in the inter- 
action between a neutron and proton with parallel 
spins and a neutron and proton with antiparallel 
spins, Fermi and Teller! have calculated the frac- 
tional shift in the ratio yr/vq and find it to be 
between 0.7 X 10-6 and 2.8 10-®. This effect would 
reduce the value of the h.f.s. of tritium. The 
moment ratio ur/up and the h.f.s. ratio vr/vq are 
both uncertain by an amount larger than the effects 
calculated by Fermi and Teller and by Avery and 
Sachs. 

The ratio v7/vy is particularly suited for studying 
the reduced mass correction since the shift of the 
h.f.s. of tritium to be expected on account of the 
structure of the triton is so small. The reduced mass 
correction for the ratio, vz/vq, is about 700 times 
the estimated correction for the interaction of the 
electron with the individual nucleons, while in the 
ratio, vp/vy, the factor is only about 5. The re- 
markable agreement between the experimental and 
theoretical values of yr/vq and vp/vy offers support 
to the validity of the reduced mass correction and 
the nuclear corrections separately. 

The agreement between the theoretical and 
experimental values of the h.f.s. and the com- 
plexity of the Zeeman pattern of the transition 
(F=1«+F=0) verify that the spin of the triton is }. 
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Resonance absorption measurements in CuSO,-5H2O and CuK2(SO,)2-6H:O exhibit dissimilarities 
caused by different degrees of exchange coupling between paramagnetic ions. In the single salt, in 
which the ions are more closely spaced, exchange coupling causes the absorption lines to be much 
narrower than would be predicted on the basis of ordinary magnetic dipolar broadening, and causes 
the appearance of a single line in cases where two lines should otherwise be found. Neither of these 


effects is observed in the double salt. 





I. INTRODUCTION 
ESONANCE absorption of radiation by para- 


magnetic ions in a static magnetic field has 
been investigated at this laboratory in two salts 
of copper. This type of experiment was first re- 
ported by Zavoisky! and later by Cummerow, 
Halliday, Moore and Wheatley?~* and Weiss, 
Whitmer, Torrey, and Hsiang.® ® 

In the present experiments the widths and posi- 
tions of absorption lines in single crystals of 
CuSO4-5H20 and CuK2(SO.)2-6H:O were de- 
termined for various orientations of the crystal in 
the static magnetic field. Measurements were also 
made on powders of the two salts. All of these 
measurements were at room temperature and at a 
wave-length of about 3.25 cm. 

The magnetic characteristics of an ion in a solid, 
influenced by the electric field due to the surround- 
ing atoms, can be quite different from the proper- 
ties of the same ion in the “ ee state.’ If a Cut* ion 
is situated in an electric field of sufficient strength 
and of sufficiently low symmetry, the lowest energy 
level has only a twofold spin degeneracy and is 
separated from the next higher level by an interval 
large compared to KT at room temperature.® This 
results in an effective partial quenching of the 
oribital contribution to the magnetic moment. 
Also, the magnitude of the splitting in an external 
magnetostatic field of the degeneracy in the lowest 
level is determined by the spin quantum number, S, 
rather than the total angular momentum quantum 


*This work has been supported in part by the Signal 
Corps, the Air Materiel Command, and the Office of Naval 
Research. 
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number, J. The splitting factor, g, is given by 
g=p/LS(S+1)}}, (1) 


where ?p is the effective magnetic moment of the 
ion in units of the Bohr magneton. This factor 
multiplied by the Bohr magneton, 8, and the 
external magnetic field, H, gives the magnetic 


splitting 
hv=g6H. (2) 


In cases where the symmetry of the electric field 
is less than cubic, the value of p is a function of the 
orientation of the electric field with respect to the 
magnetic field. The value of g can also be affected by 
exchange coupling between magnetic ions (see 
§III D). 

It has been shown experimentally’~* and the- 
oretically® by others that if the ions are subjected 
to an alternating magnetic field at right angles to H 
there will be observable resonance absorption at the 
frequency v in Eq. (2), provided relaxation condi- 
tions are favorable. 


Il. EXPERIMENTAL METHOD 
A. Microwave Equipment 


The paramagnetic crystal is placed at the center 
of a rectangular microwave resonant cavity which is 
driven in the TEi92 mode. This central position 
is the point of maximum r-f magnetic field and 
minimum r-f electric field and is therefore the posi- 
tion affording maximum sensitivity in magnetic 
absorption measurements. The cavity is placed 
between the pole faces of an electromagnet in such 
a way that the oscillating magnetic field is orthog- 
onal to the magnetostatic field H. 

An iris of adjustable aperture couples the cavity 
to one side arm of a wave-guide magic T whose 
other side arm is terminated in a matched load. 
(The load is matched to about 1.01 VSWR at each 
operating frequency by means of a calibrated tuning 
screw.) The other two magic T arms are connected 
through matched attenuators, respectively, to a 
reflex klystron and to a crystal detector. The de- 


° J. Frenkel, J. Phys. U.S.S.R. 9. 299 (1945). 
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tected signal is then proportional to the power 
reflected from the cavity which is, to a good ap- 
proximation, related to the cavity Q by 


P,= {(Qe/Qo— 1)/(Q./Qo+1)}?P:;, (3) 


where P; is the power incident on the cavity, 
P, is the reflected power, Q, is the external Q, and 
Qo is the unloaded Q of the cavity. The external Q 
will be unaffected by the magnetostatic field, while 
the reciprocal unloaded Q will be proportional to 
the sum of the electrical and magnetic losses in the 
cavity. By observing P, as a function of the mag- 
nitude of H and by using Eq. (3), one can obtain 
the relative magnetic absorption as a function of H. 
To check the constancy of P;, readings of P, for 
zero-applied magnetic field are taken before and 
after each run. 

The experimental procedure follows. The iris 
is adjusted, with the sample crystal in place in the 
cavity and no static magnetic field applied, so 
that P,/P; is roughly 0.1 at resonance. The klystron 
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Fic. 1. Line width (AH) and splitting factor (g) in CuSO, 
-5H:O single crystal, static field perpendicular to §-axis, 
\=3.244 cm. 
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Fic. 2. Line width (AH) and splitting factor (g) in 
CuK2(SO,)2-6H:0 single crystal, static field perpendicular 
to b-axis, \=3.259 cm. The points indicated by @ are cal- 
culated from Van Vleck’s theory of dipolar broadening 
(see §IV C). 
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TABLE I. Calculated g values. 








CuSO. °5H:0 


gu 2.38+.02 
ga 2.05+.01 
7) 41% 40.5°+1° 

La 2.245 2.285 

gp 2.20 2.24 

2.05 2.09 

2.47» 2.42¢ 

2.07 2.05¢ 

34,000+5500 cm 19,000+3000 cm 
18,000+1000 cm  16,000+900 cm 


CuK2(SO«)2 -6H:0 


2.42+.02 
2.09 +.01 





gy 

gi (susc.) 

ga (susc.) 
sis 


F,—Fs 








® See reference 10. 
b See reference 11. 
© See reference 8. 


is square-wave modulated with the carrier fre- 
quency at the cavity resonant frequency. The de- 
tector signal is applied to an amplifier tuned to the 
fundamental of the square-wave modulation and 
the amplifier output is read on a meter. For each 
setting of the static magnetic field the oscillator fre- 
quency is adjusted for minimum reflection from the 
cavity. This is important because the magnetic 
resonance not only affects the Q of the cavity but 
slightly changes the cavity resonant frequency. 
This frequency shift is negligible compared to the 
width of the magnetic absorption, but is sometimes 
appreciable compared to the width of the cavity 
resonance. Frequency is measured by means of a 
resonant cavity wavemeter. Meter reading (rela- 
tive reflected power) as a function of the magnitude 
of H is then recorded. 

In the case of the two salts reported here, the 
meter reading for very high magnetic field was the 
same as for zero field, indicating the absence of 
zero-field magnetic absorption. 


B. Measurement of Magnetic Field 


A rotating coil, driven by a synchronous motor, 
is placed in the magnetic field. The generated 30- 
c.p.s. voltage is connected in series with a 3000-c.p.s. 
voltage, controlled by a calibrated potentiometer, 
and the resultant signal is applied to an oscillo- 
scope with a 60-c.p.s. sweep. The oscilloscope 
pattern serves as an accurate null indicator and 
the magnetic field strength is proportional to the 
potentiometer reading at null setting. 

The device is calibrated by comparison with a TS 
15A/AP fluxmeter. Calibration is checked by 
measuring the field of a permanent magnet before 
and after each run. The TS 15A/AP was found by 
comparison with a proton resonance measurement 
(in Professor F. Bitter’s laboratory at M.I.T.) to 
read 2.0 percent high. This correction in the field 
value has not been made in Figs. 3 and 4, but it 
has been included in the calculation of the g values. 
Error in measurement of the magnetic field is 
estimated to be +0.5 percent. 
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Fic. 3. Resonance absorption lines in CuSO,-5H:0 single 
crystal, static field perpendicular to y-axis, \=3.260 cm. 
Short arrows indicate line positions expected in the absence 
of exchange interaction; long arrows indicate positions ex- 
pected with strong interaction. (*Actual magnetic field values 
are 2.0 percent less than indicated here. See §II B.) 











C. Crystal Orientation 


The sample crystal is oriented on an optical 
goniometer and then transferred to the cavity in 
such a way that its orientation with respect to the 
cavity is known. The crystal is fastened with poly- 
styrene cement to a rotatable polystyrene shaft 
which is perpendicular to H. A pointer and dial 
indicate the shaft position. After a series of runs 
on a given crystal, the crystal and its holder can be 
transferred from the cavity back to the goniometer 
and the orientation rechecked. Over-all error in 
orientation is about +2°. 
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Fic. 4. Resonance absorption lines in CuK2(SO,.)2-6H:O 
single crystal, static field perpendicular to y-axis, \=3.254 
cm. Arrows indicate line positions expected in the absence of 
exhange interaction. (*Actual magnetic field values are 2.0 
percent less than indicated here. See §II B.) 





Ill. COPPER SULFATE 
A. Crystal Form 


From x-ray measurements, Beevers and Lipson” 
find that each of the two Cutt ions in the unit cell 
of CuSO,-5H:,0 is located at the center of an octa- 
hedron formed by four water molecules at the 
corners of a square and two oxygen ions along a line 
perpendicular to the square and passing through 
its center. The oxygen ions are slightly more dis- 
tant from the Cu++ than are the water molecules. 
Small deviations from regularity of the octahedron 
are neglected here. As a result of this configuration, 


10C, A. Beevers and H. Lipson, Proc. Roy. Soc. London 
A146, 570 (1934). 
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Fic. 5. Line widths in CuSO,-5H:0 single crystal, static field 
perpendicular to y-axis, \=3.260 cm. 


each Cutt ion is at the center of an electric field of 
tetragonal symmetry, the tetragonal axis passing 
through the two oxygens. Susceptibility measure- 
ments by Krishnan and Mookherji" verify the 
angular relationships between the tetragonal axes 
and the crystallographic axes derived from the 
x-ray data. (We define the magnetic axes as in 
Eq. (5a) which makes our a, 8, y correspond to 7, B, 
a of Krishnan and Mookherji.) Orientations of 
crystallographic axes with respect to crystal faces 
are taken from Dana.” 

Polder® has calculated the splitting of the Cutt 
ground state (7D) in a tetragonal electric field and 
the effect of the splitting on the magnetic moment 
of the ion. He finds that 

£u=2[1 — (4d/(Fa— Fs))], (4) 

g.=2[1—(A/(Fs— Fs))], 
where “‘|| and ‘‘ 1” refer to the orientation of the 
tetragonal axis with respect to the external mag- 
netic field H, d is A(L-S), the spin-orbit coupling 
energy in'the ion, F; the energy of the lowest level 
of the 7D state split by a tetragonal field, and F, 
and F; are two higher levels. 

The tetragonal axes associated with the two Cutt 
ions are oriented 82° apart. Calling these axes Z; 
and Z7z, the axes of principal susceptibility are 


a = bisector of the acute angle between Z; and Z7r, 
8=bisector of the obtuse angle between Z; and Z71, 
y=normal to plane of Z; and Z71, (5a) 
and the g values in these three directions are 

fa" = £1," cos’p+g,’ sin’, 

£5 = £1," sin?p+ g, cos’, 

8y= 8a 
where ¢ is one-half of the acute angle between Z; 
and Zrr. In general, the g value of the ion asso- 
ciated with Z; is 

g?=g,, cos?6;+g,? sin, 
where 6; is the angle between Z; and H. 


1K. S. Krishnan and A. Mookherji, Phys. Rev. 54, 533, 841 


(1938). 
2 J.D. Dana, Systems of Mineralogy (John Wiley and Sons, 


Inc., New York, 1900), p. 944. 
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B. Measured g Values 


A crystal of CuSO,-5H:O was mounted in the 
microwave cavity with its B-axis (66°, 85°, 42° 
from a, b, c) along the rotatable polystyrene rod, 
which is perpendicular to the magnetostatic field 
H. Using Eq: (2), g values were calculated from the 
magnetic resonances observed at different crystal 
rotation positions (Fig. 1). Values of g. and gy were 
thus obtained and, since g is known, gy, g,, and 
ge can be calculated from Eq. (5b). These values are 
listed in Table I. Listed for comparison are the 
g values obtained from susceptibility measure. 
ments." If the susceptibility obeys the Curie law, 
the Curie constant, C, and g are related by 


gl S(S+1)]'= (3kC/Np")'=2.83(C)', (7) 


where V=Avogadro’s number, 8=the Bohr mag- 
neton, and k=Boltzmann’s constant. Included in 
the table are values of F;—F3; and F4—F; from 
Eq. (4), letting \(Z-S) take on its free-ion value of 
— 852 cm—. 


C. Line Widths 


From purely geometrical considerations, neglect- 
ing exchange interaction, there should be, in general, 
two resonance absorption peaks for a given orienta- 
tion, since the axes Z; and Z;; make different angles 
with H (see Eq. 6). However, for all positions of 
rotation of the crystal mounted with 6 normal to 
H, these two angles are equal and the absorption 
lines corresponding to the two Cut* ions in the 
unit cell are, therefore, exactly superimposed. 
Under these conditions the line width at half- 
maximum absorption was found to vary from 55 
gauss with the magnetostatic field parallel to the 
y-axis to 100 gauss with the field parallel to the 
a-axis. This variation is shown in Fig. 1. 

Van Vleck" has calculated the line width to be 
expected from magnetic dipolar interaction alone 
and has shown that the addition of exchange inter- 
action between the magnetic ions will have the 
effect of‘ narrowing the line. In CuSO,-5H,O the 
“dipolar” line width would be approximately 475 
gauss. The large discrepancy between this and the 
observed line widths is evidence that there is 
strong exchange interaction between the Cut+ ions 
in this salt. 


D. Effect of Exchange Interaction on Line Position 


If the sample crystal is mounted in the micro- 
wave cavity so that its y-axis (155°, 68°, 50° from 
a, b, c) is along the rotatable shaft, there will be 
positions of rotation at which the axes Z; and Zy; 
make different angles with H. Even so, only one 
absorption peak is observed. In Fig. 3 the observed 


18 J. H. Van Vleck, Phys. Rev. 74, 1168 (1948). 














lines are shown for various angles of orientation. 
The small arrows indicate positions of the two peaks 
expected in the absence of exchange interaction, 
calculated from Eq. (6). 

Theoretical considerations, according to Van 
Vleck,!* indicate that if there is sufficient exchange 
coupling between the two types of Cutt ions 
(differently oriented electric fields) they will act 
as a single resonator with a g value which is the 
arithmetic mean of the values expected in the ab- 
sence of exchange coupling. The long arrows in 
Fig. 3 are at positions corresponding to these mean 
values of g. It is possible that resolution of two 
peaks is prevented by the width of the individual 
lines, but the width of the combined line is small 
enough (230 gauss) so that the separation of the 
individual lines must be less than 25 percent of the 
separation expected in the absence of exchange 
coupling.’® 

In Fig. 5 the widths of the observed single lines 
are plotted as a function of crystal orientation. For 
comparison, there is also shown the separation 
of the two individual peaks expected in the absence 
of exchange coupling (short arrows in Fig. 3). 
Note that the minimum line widths occur where 
this separation is zero, and the maximum width 
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The absorption line in the powdered salt is an 
intergration over all directions of the line for a 
single crystal. In the absence of exchange coupling, 
the unit of integration would be the individual Cut* 
ion and the powder absorption line would extend 
from H(g,,) to H(g,). It would be peaked near 
H(g,) because of the greater geometrical prob- 
ability of the perpendicular orientation. If there is 
strong exchange coupling, however, the unit of 
intergration must be the complete unit cell having 
no g value higher than g,. In this case the line should 
extend from H(g.) to H(gy) and should be peaked 
near H(gq), since the near quality of ga, gs, and all 
g values in the plane of a, 8 causes a high geomet- 
rical probability of this value of g. The observed 
powder absorption (Fig. 6) corresponds again to 
the strong coupling model. 


















IV. COPPER POTASSIUM SULFATE 
A. Crystal Form 


There is no x-ray information on the CuK2(SO,)2 
-6H,0 salt, but in an x-ray investigation by Hof- 








14 J. H. Van Vleck (to be published), abstract in Phys. Rev. 
73, 1249 (1948). 

15D, M.S. Bagguley and H. E. Griffith, report, Nature 162, 
538 (October 2, 1948) that the two peaks are clearly resolved 
at a wave-length of 0.85 cm. Our results are in essential agree- 
ment with their 3-cm results. 
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mann’ of similar salts, X Y2(SO,)2-6H,O, the ion 
corresponding to Cut++ was found to be located 
at the center of a water-oxygen octahedral complex 
which is analogous to that found in CuSQ,-5H,0. 
There are again two Cut** ions in the unit cell and 
the axes Z; and Zzr are differently oriented. (The 
postassium ion is diamagnetic.) Susceptibility 
measurements by Miss Hupse!’ reveal that one of 
the magnetic axes in CuK,(SO,)2-6H,0 is along 
the b- (ortho) axis and the other two lie in the 
plane of the a- and c-axes. The susceptibility ex- 
periment leaves an ambiguity as to which mag- 
netic axis is the one normal to the plane of Zr 
and Z77,* but the resonance absorption experiment 
resolves the ambiguity (see §I1V D). Orientations 
of the magnetic axes with respect to the crystal- 
lographic axes are shown in Fig. 8. The angle ¢ 
is calculated from Eq. (5b), assuming that the 
electric fields associated with the two Cutt ions 
are tetragonal and identical except in orientation. 
Angles y and 6 are directly measured (see Fig. 2). 


B. Measured g Values 


Rotating the crystal about its b- (or B-) axis 
(which is kept orthogonal to the magnetostatic 
field H), observing line positions and using Eq. (2) 
one finds the g values shown in Fig. 2. From this 
curve g, and g, are obtained, and from the orienta- 
tions at which maximum and minimum g values 
occur the orientations of the a- and y-axes are 
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Fic. 6. Resonance absorption line in CuSO,-5H:O powder. 
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Fic. 7. Resonance absorption line in CuK2(SO,)2-6H:0 powder. 


16 W. Hofmann, Zeits. F. Krist. 78, 279 (1931). 
17]. C. Hupse, Physica 9, 633 (1942). 
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known. The value of gg is then obtained by rotation 
about ‘‘y.’’ With the help of Eq. (50), g,, and g, can 
then be calculated. These values are listed in Table 
I together with the splittings obtained from Eq. (4). 
Although the precision of the splitting values is very 
poor, it can be said that the splitting is less in the 
double salt than in the single salt. 


C. Line Widths 


Line broadening caused by magnetic dipolar 
interaction is evident in the absorption lines ob- 
served in CuK.2(SO,)2-6H,O. In Fig. 2 are shown 
line widths of the resonances observed when the 
B-axis is perpendicular to H. For these crystal 
positions the g values of the two Cutt ions are 
mutually equal and the lines obtained are therefore 
single ones (cf. §III C). There is a line width 
maximum along the c-axis (400 gauss) and a sub- 
maximum along the a-axis (300 gauss). Between 
these directions there are minima of 150 gauss and 
200 gauss. 

The purely dipolar line width (no exchange inter- 
action) as given by Van Vleck," is 


AH = (h/gB)dv 
= 2.35¢8{3.S(S+1) dour jx*($ cos?6;,—4)?}4, (8) 


where j refers to any particular paramagnetic ion, 
k refers to neighboring paramagnetic ions, rj is the 
distance between ions j and k, and 6; is the angle 
between the magnetic field and the line joining 
ions j and k. Line widths calculated from this equa- 
tion for several crystal orientations are plotted as 
filled circles in Fig. 2. (In the absence of x-ray 
data on CuK2(SO,)2-6H2O, values of rj, and 6; in 
MgK2(SO,.)2-6H2O computed from Hofmann’s 
data'® are used. See Table II.) The good quantita- 
tive agreement between observed and calculated 
line widths is a strong indication that there is very 
little exchange interaction between paramagnetic 
ions in this salt. 
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Fic. 8. Orientation of magnetic axes (a, B, y) and crystal- 
lographic axes (a, b, c) in CuK2(SO,)2°6H:0. 


TABLE II. Spacing of magnetic ions in sulfates of copper. 











CuSO, -5H:0* CuK2(SO«)2 -6H207* 
2at 5.97A 2at 6.1A 
2at 6.12A 2at 9.0A 
Cul has Cul 2at 7.16A 2at 9.5A 
neighbors 2at 9.75A 2at 12.1A 
Cull has CulI 2 at 10.7A 2 at 12.2A 
neighbors 2at 11.1A 
2 at 11.5A 
2 at 5.55A 4at 7.6A 
2 at 6.72A 4at 9.0A 
Cul has CulI 2 at 6.84A 4 at 10.5A 
neighbors 2 at 8.86A 
2 at 9.13A 
2 at 9.26A 








* See reference 10. 

** In the absence of x-ray data on this particular salt the spacings are 
assumed to be approximately those found in MgK2(SO«)2°6H:O. Hofmann 
finds only a 4 percent variation in dimensions among a number of salts of 
the type X Y2(SO«)s -6H20. See reference 16. 


D. Effect of Exchange Coupling on Line Position 


If the y-axis is perpendicular to H, there 
should be some rotation positions at which a 
separate absorption peak for each Cutt in the 
unit cell is observed (cf. §III D). In CuK2(SO,)2: 
6H.0 this is actually the case, as is shown in Fig. 4. 
The arrows in the figure indicate expected positions 
of the separate peaks calculated from Eq. (6). 
Resolution of these two peaks shows that the ex- 
change coupling between the paramagnetic ions 
is much less in the double salt than in the single 
salt, which is to be expected since the ions are 
closer together in the latter. 

The fact that two peaks are obtained with ‘‘y”’ 


CS 


normal to the external field proves that ‘‘y’’ and 


i 


not ‘‘a”’ is the axis normal to the plane of Z7Z1r. 


E. Absorption in Powder 


The absorption line in powdered CuK2(SO,)2: 
6H.O (Fig. 7) has a maximum near H(g,), corre- 
sponding to the weak coupling model (cf. §III E). 


V. SUMMARY 


Copper sulfate and copper potassium sulfate are 
similar in the following respects. In the unit cell 
of each there are two Cut++ ions, each ion located 
at the center of an electric field of approximately 
tetragonal symmetry. The axes of symmetry are 
oriented about 80° apart. 

Dissimilarities in the magnetic properties of the 
two salts arise mainly from the difference in con- 
centration of the paramagnetic ions. Denoting the 
two different Cu*+* ions in the unit cell as Cul and 
CulI the spacings shown in Table II exist in the 
two salts. 

The closer spacing in the single salt has two 
marked effects, both due to exchange coupling 
between the paramagnetic ions. In CuSO,-5H,0: 
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(a) the absorption lines are much narrower than 
would be predicted by dipolar coupling considera- 
tions alone, and (5) for orientations of the crystal 
at which there should be separate lines for Cul 
and CulJ, only one line is observed. The second 
effect depends upon exchange coupling of the type of 
Cul—CulT while the first depends upon any of the 
types, Cul—CuJ, CulJ-CulT, or CuJ—CulT. Neither 
of these effects is noted in CuK2(SO,)2-6H20. 

The difference in the magnitudes of the crystal- 
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line electric field splittings in the two salts is not 
related to exchange coupling, but is rather an indi- 
cation that the octahedral water-oxygen complex is 
of smaller dimensions in the single salt. 
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Because they approximate their free electron models so 
closely, lithium and sodium are of exceptional importance in 
studies of the theory of the work function. For the purpose 
of supplementing theoretical calculations on these metals, a 
thorough experimental investigation of the work function of 
lithium has been carried out and the results, in combination 
with the calculations of Wigner and Bardeen, used to esti- 
mate the contribution of the surface double layer term to 
this work function. 

As in previous studies of this series, the work function was 
determined by measurement of the contact difference of 
potential of lithium with respect to a barium reference surface 
of kfown work function. The measured surfaces of both 
lithium and barium were prepared by condensation of their 


PROBLEM of major significance in work 

function theory and in surface physics 
generally is that of separating and evaluating 
individually the volume and surface terms which 
determine the external work function of a metal. 
Wigner and Bardeen! and Bardeen? have obtained 
equations of the form: 


o=¢.+¢6:=b.t4rePn, 


where ¢ is the external work function which is 
measured experimentally. ¢, is the volume con- 
tribution to the work function and ¢, the con- 
tribution of the surface double layer. ¢, is deter- 
mined entirely by the bulk properties of the lattice 
and may be defined as the work done in removing 
an electron from a hypothetical neutral lattice in 
which P,, the surface dipole moment per unit area, 
is zero. ¢, contains all of the surface sensitive part 
of the work function, e.g., the dependence of ¢ on 
the crystal orientation of the surface. Neither ¢, 


* Assisted by the ONR under Contract No. N6-ori-167. 

1E. Wigner and J. Bardeen, Phys. Rev. 48, 84 (1935). 

2 John Bardeen, Phys. Rev. 49, 653 (1936). See Frederick 
Seitz, Modern Theory of Solids (McGraw-Hill Book Company, 
Inc., New York, 1940), pp. 395-400. 


vapors on glass targets after each of the metals had been 
subjected to fractional and multiple distillation in the mea- 
suring tube itself. The time interval between deposition and 
measurement of the films was of the order of 30 seconds. The 
observed contact difference of potential is 0.03+0.02 ev, 
lithium electro-positive to barium. This result assigns the 
value 2.49+0.02 ev to the work function of lithium. The effect 
of gaseous contaminants is to lower the work function. 

The volume and surface double layer terms which determine 
the work function of lithium are of the order of 2.2 and 0.3 ev, 
respectively, a result which supports the conclusion that the 
surface double layer makes a relatively small contribution 
to the work functions of the alkali metals. 


nor ¢, can be measured independently. Wigner and 
Bardeen! made rough calculations of ¢, for the free 
electron models of the alkali metals and by com- 
paring their results with experimental values for ¢ 
reached the conclusion that ¢, is small, i.e., of the 
order of a few decivolts, for these metals. Bardeen? 
carried out a more complete evaluation of ¢, and 
also an explicit calculation of ¢, for sodium ob- 
taining a calculated value for the work function 
which could be compared with the results of experi- 
mental measurements. These procedures evidently 
put a heavy burden on the experimental data. 
Examination of published work*® reveals a diver- 
gence in ¢ values, especially in the values for lithium, 
which is considerably larger than the probable 
magnitude of the double layer term which is to be 
evaluated and, in the case of lithium, no deter- 
mination in which the experimental conditions now 
known to be essential were realized. The major 
objective in the present work was a thorough ex- 
perimental study of lithium, a metal which ap- 
proximates its free electron model quite exactly and 

3A. L. Hughes and L. A. DuBridge, Photoelectric Phe- 


nomena (McGraw-Hill Book Company, Inc., New York, 
1932), p. 75. 
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Fic. 1. Circuit for measuring contact difference of potential 
between metal-on-glass films 7; and T2. The gun AF projects 
a constant intensity, constant energy (order of 10 ev) electron 
beam monitored by voltmeter V; and microammeter Ja. 
The target current-retarding potential characteristic is meas- 
ured by voltmeter V2 (0—-3-v reading to 0.005 v) and galva- 
nometer G with Ayrton shunt, not shown. Ir is 0-10 ammeter 
and R is 3-mm X100-cm nichrome wire sliding in a mercury 
well. Filament battery: six 6-v accumulators in parallel; 
other batteries small accumulators. All resistances in ohms. 


is well adapted to the methods of work function 
measurement in use in this laboratory. 


EXPERIMENTAL METHOD 


The experimental method, described in detail in 
previous reports of this series,t may be summarized 
briefly as follows. (1) The work function of the 
“unknown” metal under investigation is deter- 
mined by measurement of its contact difference of 
potential with respect to a barium surface of known 
work function. (2) Specimens of the unknown and 
reference metals, of the highest available chemical 
purity but containing absorbed and adsorbed gases, 
are outgassed by repeated fusion while the mea- 
suring tube is undergoing baking and high fre- 
quency treatment on the pumps. (3) The tube is 
sealed off, repetitive fusion and solidification of the 
metal charges continued, and both metals frac- 
tionally distilled. A middle fraction of one of the 
metals is finally condensed on a movable glass 
target. (4) Immediately after the deposition of a 
fresh metal film upon it, the target is moved to 
the ‘‘measuring position’”’ in front of an electron 
gun which supplies a constant energy, constant 
intensity beam, and the retarding potential required 
to establish a given reference current is deter- 
mined. This reference current is selected to be near 


4Paul A. Anderson, Phys. Rev. 59, 1034 (1941); 57, 122 
(1940), and earlier reports cited therein. 


the middle of the straight line portion of the cur. 
rent-potential characteristic. (5) Step four is re- 
peated for a succession of films of the first metal 
and the reproducibility of the potential setting for 
this metal thus determined for a large number 
(order of ten to fifteen) of different films. (6) Steps 
four and five are repeated for the second metal of 
the pair. The contact difference of potential 
between the two metals is then given directly by 
the difference between the potential settings, i.e., 
by the parallel shift of the characteristic with 
change of surface. The work functions: of barium 
reference surfaces prepared by this method have 
been found? to be extraordinarily reproducible and 
constant. 


EXPERIMENTAL PROCEDURES 


The tubes used in the present work were similar 
to those employed in our earlier measurements on 
zinc® except that circular trays spun from 10-mil 
tantalum foil, 6-mm deepX25-mm diameter, are 
now being used on the ‘“‘first vaporizers.’’ The out- 
gassing schedule was similar to that for zinc but 
with the following modifications. (1) The barium 
was premelted in vacuum on a separate pumping 
system before it was introduced into the measuring 
tube. After the premelted barium was placed in the 
measuring tube and before seal-off, it was held for 
48 hours or more at a temperature just below that 
at which vaporization was detectable and was then 
melted down at least ten times on the first vaporizer. 
This relatively drastic preliminary treatment was 
adopted because of the fact that the commercial 
barium now available, in contra-distinction to the 
Osram material used in our earlier work, is not 
premelted and contains considerable quantities of 
absorbed gases. (2) In outgassing the lithium charge, 
use was made of the fact that vaporization of 
lithium is extremely slow at temperatures just 
above its melting point. The metal was held in the 
molten state for at least 30 hours before seal-off 
and showed no detectable release of gas on sub- 
sequent fusions. (3) The final baking of the tube 
after introduction of the metal charges was carried 
out at 120°C. 

The lithium was of the highest purity available 
commercially. The impurities present in significant 
amount were sodium and potassium. Since the 
contact potential method measures the average 
work function of a surface and the work functions 
of the alkali metals differ only slightly from one 
another, errors due to traces of these contaminants 
in the final films must have been negligible. The 
same remark applies to the traces of strontium and 
calcium which are the significant metallic im- 
purities in barium. Both the lithium and barium 


5 See reference 4, 1940 paper, Fig. 1. 
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charges were large enough to fill the first vaporizer 
pans to the brim after the initial fusions. 

After sealing off the tube, fusions of the lithium 
and barium charges were continued until a fusion 
produced no appreciable change in the emission of 
the gun filament.® After flashing the second vapor- 
izers to remove the discarded fractions of barium 
and lithium, the measuring schedule was carried 
out as previously described.‘ Since lithium films 
deposited directly on pyrex glass have a tendency 
to blister, barium was deposited first on both 
targets and the potential setting for each of a suc- 
cession of barium films taken as the film was 
formed. A series of lithium films was then laid down 
on one of the barium coated targets and the poten- 
tial setting for each lithium film taken immediately 
after its deposition. In this way, contact potential 
differences were obtained from the barium and 
lithium potential settings for a given target and 
also for lithium films on one target and a renewable 
barium surface on the other target. When an elec- 
tropositive metal is deposited on an electronegative 
metal such as silver, it is easy to determine from 
the potential settings for a series of films the point 
at which the substrate metal is so completely 
covered that it ceases to have any influence on the 
work function of the surface. Since the work func- 
tions of lithium and barium are very nearly equal, 
this criterion of complete coverage could not be 
used in the present work and care was taken to 
deposit a relatively thick film of lithium before 
each measurement. Films which are ‘‘thick”’ in this 
sense are, of course, so thin that the middle frac- 
tions of the barium and lithium charges were suf- 
ficient for the preparation of a far larger number 
of films than was necessary for establishing repro- 
ducibility of the potential settings. In general, ten 
to fifteen individual films of each of the metals 
were measured in each tube. The improved circuit 
now being used in our measurements is shown in 
Fig. 1. It has the advantage that the target current 
is insensitive to small variations in the anode poten- 
tial on the gun. 


THE WORK FUNCTION OF LITHIUM 


The first tube to be measured did not clean up 
well? but showed that the contact difference of 
potential Li-Ba would probably turn out to be 


* When, as in this work, a tungsten filament is operated at 
a temperature which is not high enough to remove adsorbed 
gases instantly, a sudden increase in residual gas pressure 
raises the work function and lowers the emission of the 
filament. 

7 This behavior, which eliminates about half of the tubes 
used in work of this kind, is apparently due to extremely 
slow leaks through or around the tungsten wires of the presses. 
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less than 0.1 v. In this tube, freshly deposited 
lithium films always showed a progressive drift 
toward lower work function on aging, a result 
which is of significance in appraising the effects of 
gaseous contaminants on the work function of 
lithium. The second and third tubes behaved very 
satisfactorily. Potential settings for both barium 
and lithium were reproducible to 0.02 v or better and 
were constant to 0.02 v from 30 seconds after 
deposition through periods as long as 72 hours 
after deposition. These measurements give 0.03 
+0.02 v for the contact difference of potential of 
lithium with respect to barium, lithium electro- 
positive to barium. In combination with the value 
2.52 ev for the work function of barium, this result 
assigns a work function value of 2.49+0.02 ev to 
lithium. 


THE SURFACE DOUBLE LAYER IN LITHIUM 


In the work of Wigner and Bardeen,! the work 
functions of the free electron models of the alkali 
metals were estimated with explicit neglect of the 
double layer terms. The value of ¢, thus obtained 
for free-electron lithium was 2.19 ev. For the experi- 
mental value of the work function of lithium, 
Wigner and Bardeen selected 2.28 ev taken from 
unpublished measurements by Olpin. The double 
layer term for lithium thus turned out to be very 
smail, of the order of one decivolt. Our value for 
the work function of lithium when combined with 
Wigner and Bardeen’s rough evaluation of ¢, raises 
the double layer term of lithium to 0.3 ev, a value 
which is still small with respect to the volume term. 
For free-electron sodium, Bardeen,” in more exact 
computations which included estimation of the 
effect of correlation forces on the surface charge 
density and an explicit calculation of the double 
layer moment, obtained 2.35 ev for the work func- 
tion ¢ and 0.4 ev for the contribution of the surface 
double layer. The effect of substituting a crystal of 
sodium for the free electron model is to reduce the 
double layer term by an amount which is deter- 
mined by the orientation of the crystal face under 
consideration. There seems, then, to be enough 
evidence at present to warrant the conclusion that 
the volume term is dominant and the surface 
double layer term relatively unimportant in deter- 
mining the work functions of the monovalent 
metals. More exact evaluation of the individual 
terms which determine the work functions of these 
metals will evidently require the most complete 
theoretical calculations which are practicable and 
also good experimental measurements of the work 
functions of crystal faces of known orientation. 
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The transistor in the form described herein consists of two 
point-contact electrodes, called emitter and collector, placed 
in close proximity on the upper face of a small block of ger- 
manium. The base electrode, the third element of the triode, 
is a large area, low resistance contact on the lower face. Each 
point contact has characteristics similar to those of the high 
back-voltage rectifier. When suitable d.c. bias potentials are 
applied, the device may be used to amplify a.c. signals. A 
signal introduced between the emitter and base appears in 
amplified form between collector and base. The emitter is 
biased in the positive direction, which is that of easy flow. 
A larger negative or reverse voltage is applied to the col- 
lector. Transistor action depends on the fact that electrons 
in semiconductors can carry current in two different ways: 
by excess or conduction electrons and by defect “electrons” 
or holes. The germanium used is n-type, i.e., the carriers are 
conduction electrons. Current from the emitter is composed 
in large part of holes, i.e., of carriers of opposite sign to those 
normally in excess in the body of the block. The holes are 
attracted by the field of the collector current, so that a large 
part of the emitter current, introduced at low impedance, 
flows into the collector circuit and through a high impedance 
load. There is a voltage gain and a power gain of an input 
signal. There may be current amplification as well. 

The influence of the emitter current, J-, on collector current, 
I., is expressed in terms of a current multiplication factor, a, 
which gives the rate of change of J, with respect to J, at 
constant collector voltage. Values of @ in typical units range 
from about 1 to 3. It is shown in a general way how a depends 
on bias voltages, frequency, temperature, and electrode 


(Received December 27, 1948) 


spacing. There is an influence of collector current on emitter 
current in the nature of a positive feedback which under some 
operating conditions may lead to instability. 

The way the concentrations and mobilities of electrons and 
holes in germanium depend on impurities and on temperature 
is described briefly. The theory of germanium point contact 
rectifiers is discussed in terms of the Mott-Schottky theory. 
The barrier layer is such as to raise the levels of the filled band 
to a position close to the Fermi level at the surface, giving an 
inversion layer of p-type or defect conductivity. There is 
considerable evidence that the barrier layer is intrinsic and 
occurs at the free surface, independent of a metal contact. 
Potential probe tests on some surfaces indicate considerable 
surface conductivity which is attributed to the p-type layer. 
All surfaces tested show an excess conductivity in the vicinity 
of the point contact which increases with forward current and 
is attributed to a flow of holes into the body of the germanium, 
the space charge of the holes being compensated by electrons. 
It is shown why such a flow is to be expected for the type of 
barrier layer which exists in germanium, and that this flow 
accounts for the large currents observed in the forward direc- 
tion. In the transistor, holes may flow from the emitter to the 
collector either in the surface layer or through the body of 
the germanium. Estimates are made of the field produced by 
the collector current, of the transit time for holes, of the space 
charge produced by- holes flowing into the collector, and of 
the feedback resistance which gives the influence of collector 
current on emitter current. These calculations confirm the 
general picture given of transistor action. 





I, INTRODUCTION 


HE transistor, a semiconductor triode which in 

its present form uses a small block of ger- 
manium as the basic element, has been described 
briefly in the Letters to the Editor columns of the 
Physical Review.! Accompanying this letter were 
two further communications on related subjects.” * 
Since these initial publications a number of talks 
describing the characteristics of the device and the 
theory of its operation have been given by the 
authors and by other members of the Bell Tele- 
phone Laboratories staff.4 Several articles have ap- 
peared in the technical literature.5 We plan to give 


1J. Bardeen and W. H. Brattain, Phys. Rev. 74, 230 (1948): 

2 W. H. Brattain and J. Bardeen, Phys. Rev. 74, 231 (1948)- 

3 W. Shockley and G. L. Pearson, Phys. Rev. 74, 232 (1948). 

4 This paper was presented in part at the Chicago meeting 
of the American Physical Society, Nov. 26, 27, 1948. W. 
Shockley and the authors presented a paper on “The Elec- 
tronic Theory of the Transistor’ at the Berkeley meeting of 
the National Academy of Sciences, Nov. 15-17, 1948. A talk 
was given by one of the authors (W.H.B.) at the National 
Electronics Conference at Chicago, Nov. 4, 1948. A number 
of talks have been given at local meetings by J. A. Becker and 
other members of the Bell Telephone Laboratories Staff, as 
well as by the authors. 

5 Properties and characteristics of the transistor are given 
by J. A. Becker and J. N. Shive in Elec. Eng. 68, 215 (1949). 
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here an outline of the history of the development, to 
give some further data on the characteristics and to 
discuss the physical principles involved. Included is 
a-review of the nature of electrical conduction in 
germanium and of the theory of the germanium 
point-contact rectifier. 

A schematic diagram of one form of transistor is 
shown in Fig. 1. Two point contacts, similar to 
those used in point-contact rectifiers, are placed in 
close proximity (~0.005-0.025 cm) on the upper 
surface of a small block of germanium. One of 
these, biased in the forward direction, is called the 
emitter. The second, biased in the reverse direction, 
is called the collector. A large area, low resistance 
contact on the lower surface, called the base elec- 
trode, is the third element of the triode. A physical 
embodiment of the device, as designed in large part 
by W. G. Pfann, is shown in Fig. 2. The transistor 
can be used for many functions now performed by 
vacuum tubes. 

During the war, a large amount of research on 
A coaxial form of transistor is described by W. E. Kock and 
R. L. Wallace, Jr. in Elec. Eng. 68, 222 (1949). See also ‘“‘The 
Transistor, A Crystal Triode,” D. G. F. and F. H. R., Elec- 


tronics, September (1948) and a series of articles by S. Young 
White in Audio Eng., August through December (1948). 








































































































the properties of germanium and silicon was carried 

out by a number of university, government, and 
industrial laboratories in connection with the de- 
velopment of point-contact rectifiers for radar. This 
work is summarized in the book of Torrey and 
Whitmer.* The properties of germanium as a semi- 
conductor and as a rectifier have been investigated 
by a group working under the direction of K. Lark- 
Horovitz at Purdue University. Work at the Bell 
Laboratories’ was initiated by R. S. Ohl before the 
war in connection with the development of silicon 
rectifiers for use as detectors at microwave fre- 
quencies. Research and development on both ger- 
manium and silicon rectifiers during and since the 
war has been done in large part by a group under 
J. H. Scaff. The background of information ob- 
tained in these various investigations has been 
invaluable. 

The general research program leading to the 
transistor was initiated and directed by W. Shockley. 
Work on germanium and silicon was emphasized 
because they are simpler to understand than most 
other semiconductors. One of the investigations 
undertaken was the study of the modulation of 
conductance of a thin film of semiconductor by an 
electric field applied by an electrode insulated from 
the film.* If, for example, the film is made one plate 
of a parallel plate condenser, a charge is induced on 
the surface. If the individual charges which make 
up the induced charge are mobile, the conductance 
of the film will depend on the voltage applied to 
the condenser. The first experiments performed to 
measure this effect indicated that most of the 
induced charge was not mobile. This result, taken 
along with other unexplained phenomena such as 
the small contact potential difference between n- 
and p-type silicon® and the independence of the 
rectifying properties of the point-contact rectifier 
on the work function of the metal point led one of 
the authors to an explanation in terms of surface 
states. This work led to the concept that space- 
charge barrier layers may be present at the free 
surfaces of semiconductors such as germanium and 
silicon, independent of a metal contact. Two experi- 
ments immediately suggested were to measure the 
dependence of contact potential on impurity con- 
centration’? and to measure the change of contact 
potential on illuminating the surface with light." 
Both of these experiments were successful and 
confirmed the theory. It was while studying the 
latter effect with a silicon surface immersed in a 


6H. C. Torrey and C. A. Whitmer, Crystal Rectifiers 
(McGraw-Hill Book Company, Inc., New York, 1948). 

7J. H. Scaff and R. S. Ohl, Bell Sys. Tech. J. 26, 1 (1947). 

8 Walter E. Meyerhof, Phys. Rev. 71, 727 (1947). 

® John Bardeen, Phys. Rev. 71, 717 (1947). 
1947)" H. Brattain and W. Shockley, Phys. Rev. 72, 345(L) 
1 Walter H. Brattain, Phys. Rev. 72, 345(L) (1947). 
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liquid that it was found that the density of surface 
charges and the field in the space-charge region 
could be varied by applying a potential across an 
electrolyte in contact with the silicon surface.” 
While studying the effect of field applied by an 
electrolyte on the current voltage characteristic of a 
high back-voltage germanium rectifier, the authors 
were led to the concept that a portion of the current 
was being carried by holes flowing near the surface. 
Upon replacing the electrolyte with a metal contact 
transistor action was discovered. 

The germanium used in the transistor is an 
n-type or excess semiconductor with a resistivity 
of the order of 10 ohm cm and is the same as the 
material used in high back-voltage germanium rec- 
tifiers.!* All of the material we have used was pre- 
pared by J. C. Scaff and H. C. Theuerer of the 
metallurgical group of the Laboratories. 

While different metals may be used for the 
contact points, most work has been done with 
phosphor bronze points. The spring contacts are 
made with wire from 0.002 to 0.005” in diameter. 
The ends are cut in the form of a wedge so that the 
two contacts can be placed close together. The 
actual contact area is probably no more than about 
10-* cm?. 

The treatment of the germanium surface is 
similar to that used in making high back-voltage 
rectifiers.'4 The surface is ground flat and then 
etched. In some cases special additional treatments 
such as anodizing the surface or oxidation at 500°C 
have been used. The oxide films formed in these 
processes wash off easily and contact is made to the 
germanium surface. 

The circuit of Fig. 1 shows how the transistor 
may be used to amplify a small a.c. signal. The 
emitter is biased in the forward (positive) direction 
so that a small d.c. current, of the order of 1 ma, 
flows into the germanium block. The collector is 
biased in the reverse (negative) direction with a 
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Fic. 1. Schematic of transistor showing circuit for ampli- 
fication of an a.c. signal and conventional direction for cur- 
rents. Note bias currents J, and V, are normally positive, J. 
and V, negative. 


2R, B. Gibney, formerly of Bell Telephone Laboratories, 
now at Los Alamos Scientific Laboratory, worked on chemical 
problems for the semiconductor group, and the authors are 
grateful to him for a number of valuable ideas and for con- 
siderable assistance. ; 

13 J. H. Scaff and H. C. Theuerer Preparation of High Back 
Voltage Germanium Rectifiers NDRC 14-155, Oct. 24, 1945. 
See reference 6, Chap. 12. 

14 The surface treatment is described in reference 6, p. 369. 
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Fic. 2. Microphotograph of a cutaway model of a transistor. 


higher voltage so that a d.c. current of a few milli- 
amperes flows out through the collector point and 
through the load circuit. It is found that the 
current in the collector circuit is sensitive to and 
may be controlled by changes of current from the 
emitter. In fact, when the emitter current is varied 
by changing the emitter voltage, keeping the col- 
lector voltage constant, the change in collector 
current may be larger than the change in emitter 
current. As the emitter is biased in the direction of 
easy flow, a small a.c. voltage, and thus a small 
power input, is sufficient to vary the emitter cur- 
rent. The collector is biased in the direction of high 
resistance and may be matched to a high resistance 


load. The a.c. voltage and power in the load circuit | 


are much larger than those in the input. An over-all 
power gain of a factor of 100 (or 20 db) can be 
obtained in favorable cases. 

Terminal characteristics of an experimental 
transistor’® are illustrated in Fig. 3, which shows 
how the current-voltage characteristic of the col- 
lector is changed by the current flowing from the 
emitter. Transistor characteristics, and the way 
they change with separation between the points, 
with temperature, and with frequency, are dis- 
cussed in Section II. 

The explanation of the action of the transistor 
depends on the nature of the current flowing from 
the emitter. It is well known that in semiconductors 
there are two ways by which the electrons can carry 
electricity which differ in the signs of the effective 
mobile charges.'® The negative carriers are excess 

16 The transistor whose characteristics are given in Fig. 3 is 
one of an experimented pilot production which is under the 
general direction of J. A. Morton. 

16 See, for example, A. H. Wilson, Semi-Conductors and 
Metals (Cambridge University Press, London, 1939) or F. Seitz, 


The Modern Theory of Solids (McGraw-Hill Book Company, 
Inc., New York, 1940), Sec. 68. 


electrons which are free to move and are denoted 
by the term conduction electrons or simply elec. 
trons. They have energies in the conduction band 
of the crystal. The positive carriers are missing or 
defect ‘‘electrons’’ and are denoted by the term 
“tholes.”” They represent unoccupied energy states 
in the uppermost normally filled band of the crystal, 
The conductivity is called n- or p-type depending 
on whether the mobile charges normally in excess 
in the material under equilibrium conditions are 
electrons (negative carriers) or holes (positive 
carriers). The germanium used in the transistor is 
n-type with about 5X10" conduction electrons per 
cc; or about one electron per 10° atoms. Tran- 
sistor action depends on the fact that the current 
from the emitter is composed in large part of holes; 
that is, of carriers of opposite sign to those normally 
in excess in the body of the semiconductor. 

The collector is biased in the reverse, or negative 
direction. Current flowing in the germanium toward 
the collector point provides an electric field which 
is in such a direction as to attract the holes flowing 
from the emitter. When the emitter and collector 
are placed in close proximity, a large part of the 
hole current from the emitter will flow to the col- 
lector and into the collector circuit. The nature of 
the collector contact is such as to provide a high 
resistance barrier to the flow of electrons from the 
metal to the semiconductor, but there is little 
impediment to the flow of holes into the contact. 
This theory explains how the change in collector 
current might be as large as but not how it can be 
larger than the change in emitter current. The fact 
that the collector current may actually change 
more than the emitter current is believed to result 
from an alteration of the space charge in the 
barrier layer at the collector by the hole current 
flowing into the junction. The increase in density of 
space charge and in field strength make it easier 
for electrons to flow out from the collector, so that 
there is an increase in electron current. It is better 
to think of the hole current from the emitter as 
modifying the current-voltage characteristic of the 
collector, rather than as simply adding to the 
current flowing to the collector. 

In Section III we discuss the nature of the con- 
ductivity of germanium, and in Section IV the 
theory of the current-voltage characteristic of a 
germanium-point contact. In the latter section we 
attempt to show why the emitter current is com- 
posed of carriers of opposite sign to those normally 
in excess in the body of germanium. Section V is 
concerned with some aspects of the theory of 
transistor action. A complete quantitative theory 
is not yet available. 

There is evidence that the rectifying barrier in 
germanium is internal and occurs at the free 
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TRANSISTOR ACTION 


surface, independent of the metal contact.*!7 The 
barrier contains what Schottky and Spenke'’® call an 
inversion region; that is, a change of conductivity 
type. The outermost part of the barrier next to the 
surface is p-type. The p-type region is very thin, of 
the order of 10-5 cm in thickness. An important 
question is whether there is a sufficient density of 
holes in this region to provide appreciable lateral 
conductivity along the surface. Some evidence 
bearing on this point is described below. 

Transistor action was first discovered on a ger- 
manium surface which was subjected to an anodic 
oxidation treatment in a glycol borate solution 
after it had been ground and etched in the usual 
way for diodes. Much of the early work was done 
on surfaces which were oxidized by heating in air. 
In both cases the oxide is washed off and plays no 
direct role. Some of these surfaces were tested for 
surface conductivity by potential probe tests. 
Surface conductivities, on a unit area basis, of the 
order of 0.0005 to 0.002 mhos were found.? The 
value of 0.0005 represents about the lower limit of 
detection possible by the method used. It is 
inferred that the observed surface conductivity is 
that of the p-type layer, although there has been 
no direct proof of this. In later work it was found 
that the oxidation treatment is not essential for 
transistor action. Good transistors can be made 
with surfaces prepared in the usual way for high 
back-voltage rectifiers provided that the collector 
point is electrically formed. Such surfaces exhibit 
no measurable surface conductivity. 

One question that may be asked is whether the 
holes flow from the emitter to the collector mainly 
in the surface layer or whether they flow through 
the body of the germanium. The early experiments 
suggested flow along the surface. W. Shockley pro- 
posed a modified arrangement in which in effect the 
emitter and collector are on opposite sides of a thin 
slab, so. that the holes flow directly across through 
the semiconductor. Independently, J. N. Shive 
made, by grinding and etching, a piece of ger- 
manium in the form of a thin flat wedge.'® Point 
contacts were placed directly opposite each other 
on the two opposite faces‘where the thickness of the 
wedge was about 0.01 cm. A third large area contact 
was made to the base of the wedge. When the two 
points were connected as emitter and collector, and 
the collector was electrically formed, transistor 


action was obtained which was comparable to that 


found with the original arrangement. There is no 
doubt that in this case the holes are flowing directly 
through the m-type germanium from the emitter to 
the collector. With two points close together on a 


17 The nature of the barrier is discussed in Section IV. 

18W. Schottky and E. Spenke, Wiss. Veroff. Siemens 
Werken, 18, 225 (1939). 

19 John N. Shive, Phys. Rev. 75, 689 (1949). 
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plane surface holes may flow either through the 
surface layer or through the body of the semi- 
conductor. 

Still later, at the suggestion of W. Shockley, J. R. 
Haynes” further established that holes flow into the 
body of the germanium. A block of germanium was 
made in the form of a thin slab and large area elec- 
trodes were placed at the two ends. Emitter and 
collector electrodes were placed at variable separa- 
tions on one face of the slab. The field acting 
between these electrodes could be varied by passing 
currents along the length of the slab. The collector 
was biased in the reverse direction so that a small 
d.c. current was drawn into the collector. A signal 
introduced at the emitter in the form of a pulse was 
detected at a slightly later time in the collector 
circuit. From the way the time interval, of the 
order of a few microseconds, depends on the field, 
the mobility and sign of the carriers were deter- 
mined. It was found that the carriers are positively 
charged, and that the mobility is the same as that 
of holes in bulk germanium (1000 cm?/volt sec.). 

These experiments clarify the nature of the excess 
conductivity observed in the forward direction in 
high back-voltage germanium rectifiers which has 
been investigated by R. Bray, K. Lark-Horovitz, 
and R. N. Smith”! and by Bray.” These authors 
attributed the excess conductivity to the strong 
electric field which exists in the vicinity of the 
point contact. Bray has made direct experimental 
tests to observe the relation between conductivity 
and field strength. We believe that the excess con- 
ductivity arises from holes injected into the ger- 
manium at the contact. Holes are introduced be- 
cause of the nature of the barrier layer rather than 
as a direct result of the electric field. This has been 
demonstrated by an experiment of E. J. Ryder and 
W. Shockley.?* A thin slab of germanium was cut 
in the form of a pie-shaped wedge and electrodes 
placed at the narrow and wide boundaries of the 
wedge. When a current is passed between the elec- 
trodes, the field strength is large at the narrow end 
of the wedge and small near the opposite electrode. 
An excess conductivity was observed when the 
narrow end was made positive; none when the wide 
end was positive. The magnitude of the current 
flow was the same in both cases. Holes injected at 
the narrow end lower the resistivity in the region 
which contributes most to the over-all resistance. 
When the current is in the opposite direction, any 
holes injected enter in a region of low field and do 
not have sufficient lifetime to be drawn down to the 
narrow end and so do not alter the resistance very 


2 J. R. Haynes and W. Shockley, Phys. Rev. 75, 691 (1949). 

21 R. Bray, K. Lark-Horovitz, and R. N. Smith, Phys. Rev. 
72, 530 (1947). 

22. R. Bray, Phys. Rev. 74, 1218 (1948). 

23 E. J. Ryder and W. Shockley, Phys. Rev. 75, 310 (1949). 
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much. With some surface treatments, the excess 
conductivity resulting from hole injection may be 
enhanced by a surface conductivity as discussed 
above. 

The experimental procedure used during the 
present investigation is of interest. Current voltage 
characteristics of a given point contact were dis- 
played on a d.c. oscilloscope.*4 The change or 
modulation of this characteristic produced by a 
signal impressed on a neighboring electrode or 
point contact could be easily observed. Since the 
input impedance of the scope was 10 megohms, and 
the gain of the amplifiers such that the lower limit 
of sensitivity was of the order of a millivolt, the 
oscilloscope was also used as a very high impedance 
voltmeter for probe measurements. Means were 
included for matching the potential to be measured 
with an adjustable d.c. potential the value of which 
could be read on a meter. A micromanipulator 
designed by W. L. Bond was used to adjust the 
positions of the contact points. 


II. SOME TRANSISTOR CHARACTERISTICS 


The static characteristics of the transistor are 
completely specified by four variables which may 
be taken as the emitter and collector currents, J, 
and J,, and the corresponding voltages, V. and V.. 
As shown in the schematic diagram of Fig. 1, the 
conventional directions for current flow are taken 
as positive into the germanium and the terminal 
voltages are relative to the base electrode. Thus J, 
and V, are normally positive, J. and V, negative. 


“Ve IN VOLTS 


© O02 04 06 08 10 42 #14 1.6 
—I¢ IN MILLIAMPERES 


*4 This instrument was designed and built by H. R. Moore, who aided the authors a great deal in connection with instru- 


mentation and circuit problems. 
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There is a functional relation between the four 
variables such that if two are specified the other 
two are determined. Any pair may be taken as the 
independent variables. As the transistor is essen- 
tially a current-operated device, it is more in 
accord with the physics involved to choose the 
currents rather than the voltages. All fields in the 
semiconductor outside of the space charge regions 
immediately surrounding the point contacts are 
determined by the currents, and it is the current 
flowing from the emitter which controls the current- 
voltage characteristic of the collector. The voltages 
are single-valued functions of the currents, but, 
because of inherent feedback, the currents may be 
double-valued functions of the voltages. In reference 
1, the characteristics of an experimental transistor 
were shown by giving the constant voltage contours 
on a plot in which the independent variables J. and 
I. are plotted along the coordinate axes. 

In the following we give further characteristics, 
and show in a general way how they depend on the 
spacing between the points, on the temperature, 
and on the frequency. The data were taken mainly 
on experimental set-ups on a laboratory bench, and 
are not to be taken as necessarily typical of the 
characteristics of finished units. They do indicate 
in a general way the type of results which can be 
obtained. Characteristics of units made in pilot 
production have been given elsewhere.® 

The data plotted in reference 1 were taken on a 
transistor made with phosphor bronze points on a 


Fic. 3. Characteristics 
of an experimental tran- 
sistor (see reference 15). 
The conventional direc- 
tions for current and 
voltage are as in Fig. 1. 
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TRANSISTOR ACTION 


‘surface which was oxidized and on which potential 


probe tests gave evidence for considerable surface 
conductivity. The collector resistance is small in 
units prepared in this way. In Fig. 3 are shown the 
characteristics of a unit!® in which the surface was 
prepared in a different manner. The surface was 
ground and etched in the usual way,'* but was not 
subjected to the oxidation treatment. Phosphor 
bronze contact points made from 5-mil wire were 
used. The collector was electrically formed by 
passing large currents in the reverse direction. 
This reduced the resistance of the collector in the 
reverse direction, improving the transistor action. 
However, it remained considerably higher than that 
of the collector on the oxidized surface. 

While there are many ways of plotting the data, 
we have chosen to give the collector voltage, V., as 
a function of the collector current, J,, with the 
emitter current, J,, taken as a parameter. This plot 
shows in a direct manner the influence of the emitter 
current on the current-voltage characteristic of the 
collector. The curve corresponding to J,=0 is just 
the normal reverse characteristic of the collector as 
a rectifier. The other curves show how the charac- 
teristic shifts to the right, corresponding to larger 
collector currents, with increase in emitter current. 
It may be noted that the change in collector current 
for fixed collector voltage is larger than the change 
in emitter current. The current amplification factor, 
a, defined by 


a= — (0I,/dI-) V-=const., (II.1) 


is between 2 and 3 throughout most of the plot. 
The dotted lines on Fig. 3 correspond to constant 
values of the emitter voltage, V.. By interpolating 
between the contours, all four variables corre- 
sponding to a given operating point may be ob- 
tained. The V, contours reach a maximum for J, 
about 0.7 ma and have a negative slope beyond. To 
the left of the maximum, V, increases with J, as 
one follows along a line corresponding to V.=const. 
To the right, V. decreases as J, increases, corre- 
sponding to a negative input admittance. For given 
values of V, and V,, there are two possible operating 
points. Thus for V.=0.1 and V-=—20 one may 
have J,=0.3 ma, J;-= —1.1 ma or J,=1.0, IJ, = —2.7. 
The negative resistance and instability result 
from the effect of the collector current on the 
emitter current.! The collector current lowers the 
potential of the surface in the vicinity of the emitter 
and increases the effective bias on the emitter by 
an equivalent amount. This potential drop is Rrl., 
where Rp is a feed-back resistance which may 
depend on the currents flowing. The effective bias 
on the emitter is then V.—RrJ,., and we may write 


I,=f(V.—Rrl.), (11.2) 


where the function gives the forward characteristic 
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of the emitter point. In some cases Rp is approxi- 
mately constant over the operating range; in other 
cases Rp decreases with increasing J, as the con- 
ductivity of the germanium in the vicinity of the 
points increases with forward current. Increase of 
I, by a change of V, increases the magnitude of J., 
which by the feedback still further increases J.. 
Instability may result. Some consequences will be 
discussed further in connection with the a.c. charac- 
teristics. 

Also shown in Fig. 3 is a load line corresponding 
to a battery voltage of —100 in the output circuit 
and a load, Rz, of 40,000 ohms, the equation of the 
line being 

V.= —100—40 x 10°J,. (11.3) 


The load is an approximate match to the collector 
resistance, as given by the slope of the solid lines. 
If operated between the points P; and Ps, the 
output voltage is 8.0 volts r.m.s. and the output 
current is 0.20 ma. The corresponding values at the 
input are 0.07 and 0.18, so that the over-all power 
gain is 
Gain~8 X0.20/(0.07 X0.18)~125, (11.4) 
which is about 21 db. This is the available gain for 
a generator with an impedance of 400 ohms, which 
is an approximate match for the input impedance. 
We turn next to the equations for the a.c. charac- 
teristics. For small deviations from an operating 
point, we may write 


AV.=RuAl.+RivAl,, (11.5) 
AV.=RuAl.+Ro2Al., (11.6) 


in which we have taken the currents as the inde- 
pendent variables and the directions of currents 
and voltages as in Fig. 1. The differentials represent 
small changes from the operating point, and may 
be small a.c. signals. The coefficients are defined by : 


Ru=(8V./d1.)1c=const., (II.7) 
Riz= (0 V./dI-)1¢=const., (11.8) 
Roi = (0 V./dI-)1¢=const., (11.9) 
Roe = (0 V-/dT¢)1¢=const., (11.10) 


These coefficients are all positive and have the 
dimensions of resistances. They are functions of the 
d.c. bias currents, J, and J, which define the 
operating point. For J,=0.75 ma and [-=—2 ma 
the coefficients of the unit of Fig. 3 have the fol- 
lowing approximate values: 


Ru = 800 ohms, 
Ri2= 300, 

Rei = 100,000, 
R22 = 40,000. 


Equation (11.5) gives the emitter characteristic. 
The coefficient Ri; is the input resistance for a fixed 


(11.11) 
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collector current (open circuit for a.c.). To a close 
approximation, Rj; is independent of J,, and is just 
the forward resistance of the emitter point when a 
current I, is flowing. The coefficient Riz is the 
feedback or base resistance, and is equal to Rr as 
defined by Eq. (II.2) in case Rr is a constant. Both 
Ri, and Rj, are of the order of a few hundred ohms, 
Riz usually being smaller than Rj. 

Equation (II.6) depends mainly on the collector 
and on the flow of holes from the emitter to the 
collector. The ratio Rei/Re is just the current 
amplification factor a as defined by Eq. (II.1). 
Thus we may write 


AV.=Ro(aAl.+Al,). (11.12) 


The coefficient Rez: is the collector resistance for 
fixed emitter current (open circuit for a.c.), and is 
the order of 10,000—-50,000 ohms. Except in the 
range of large J, and small J., the value of Ree is 
relatively independent of J,. The factor a generally 
is small when J, is small compared with J,, and 
increases with J,, approaching a constant value the 
order of 1 to 4 when J, is several times J,. 

The a.c. power gain with the circuit of Fig. 1 
depends on the operating point (the d.c. bias 
currents) and on the load impedance. The positive 
feedback represented by Ri increases the available 
gain, and it is possible to get very large power gains 
by operating near a point of instability. In giving 
the gain under such conditions, the impedance of 
the input generator should be specified. Alter- 
natively, one can give the gain which would exist 
with no feedback. The maximum available gain 
neglecting feedback, obtained when the load Rx is 
equal to the collector resistance Ree and the im- 
pedance of the generator is equal to the emitter 
resistance, Ry, is: 


Gain = a?R22/4Ru, 


which is the ratio of the collector to the emitter 
resistance multiplied by } the square of the current 
amplification factor. This gives the a.c. power de- 
livered to the load divided by the a.c. power fed 
into the transistor. Substituting the values listed 
above (Eqs. (II.11)) for the unit whose charac- 
teristics are shown in Fig. 3 gives a gain of about 
80 times (or 19 db) for the operating point Po. This 
is to be compared with the gain of 21 db estimated 
above for operation between P; and P2. The dif- 
ference of 2 db represents the increase in gain by 
feedback, which was omitted in-Eq. (II.13). 

Equations (II.5) and (II.6) may be solved to 
express the currents as functions of the voltages, 
giving 


Al.= YuiA Ve+ VYi2A i (11.14) 


Al,= VYo3A Ve+ YA V,, (11.15) 


(1I.13)- 


BARDEEN AND W. H. BRATTAIN 


where 
Vii = Ro2/D, Yi2= —Ri2o/D, 
Yau= —R2/D, Yoo= Ry /D, 


and D is the determinant of the coefficients 
D=RyRe— R12Ra1. (11.17) 


The admittances, Y1: and -Y22 are negative if D 
is negative, and the transistor is then unstable if 
the terminals are short-circuited for a.c. currents. 
Stability can be attained if there is sufficient im- 
pedance in the input and output circuits exterior to 
the transistor. Feedback and instability are in- 
creased by adding resistance in series with the base 
electrode. Further discussion of this subject would 
carry us too far into circuit theory and applications. 
From the standpoint of transistor design, it is 
desirable to keep the feed-back resistance, Riz, as 
small as possible. 


(11.16) 


Variation with Spacing 


One of the important parameters affecting the 
operation of the transistor is the spacing between 
the point electrodes. Measurements to investigate 
this effect have been made on a number of ger- 
manium surfaces. Tests were made with use of a 
micromanipulator to adjust the positions of the 
points. The germanium was generally in the form 
of a slab from 0.05 to 0.20 cm thick, the lower 
surface of which was rhodium plated to form a low 
resistant contact, and the upper plane surface 
ground and etched, or otherwise treated to give 
a surface suitable for transistor action. The col- 
lector point was usually kept fixed, since it is more 
critical, and the emitter point moved. Measure- 
ments were made with formed collector points. 
Most of the data have been obtained on surfaces 
oxidized as described below. 

As expected, the emitter current has less and 
less influence on the collector as the separation, s,* 
is increased. This is shown by a decrease in Rai, or 
a, with s. The effect of the collector current on the 
emitter, represented by the feed-back resistance R12, 
also decreases with increase in s. The other coef- 
ficients, Ri, and Ree, are but little influenced by 
spacing. Figures 4, 5, and 6 illustrate the variation 
of Riz and a with the separation. Shown are results 
for two different collector points A and B on dif- 
ferent parts of the same germanium surface.” In 
making the measurements, the bias currents were 
kept fixed as the spacing was varied. For collector 
A, I.=1.0 ma and J.=3.8 ma; for collector B, 
I,=1.0 ma and J,=4.0 ma. The values of Ri: and 
Ree were about 300 and 10,000, respectively, in both 
cases. 


25 Measured between centers of the contact areas. 
26 The surface had been oxidized, and pa probe 


measurements (reference 2) gave evidence for considerable 


surface conductivity. 
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Figure 5 shows that a decreases approximately 
exponentially with s for separations from 0.005 cm 
to 0.030 cm, the rate of decrease being about the 
same in all cases. Extrapolating down to s=0 
indicates that a further increase of only about 25 
percent in a could be obtained by decreasing the 
spacing below 0.005 cm. 

Figure 6 shows that the decrease of a with dis- 
tance is dependent on the germanium sample used. 
Curve 1 is similar to the results in Fig. 5. Curve 2 
is for a germanium slice with the same surface 
treatment but from a different melt. 

Figure 4 shows the corresponding results for Ri». 
There is an approximate inverse relationship be- 
tween Rie and s. 

Another way to illustrate the decreased influence 
of the emitter on the collector with increase in 
spacing is to plot the collector characteristic for 
fixed emitter current at different spacings. Figure 7 
is such a plot for a different surface which was 
ground flat, etched, and then oxidized at 500°C in 
moist air for 1 hour. The resultant oxide film was 
washed off.27 The emitter current, J., was kept 
constant at 1.0 ma. 

Data taken on the same surface have been 
plotted in other ways. As the spacing increases, 
more emitter current is required to produce the 
same change in collector current. The fraction of 
the emitter’current which is effective at the col- 
lector decreases with spacing. It is of interest to 
keep V, and J, fixed by varying J, as s is changed 
and to plot the values of I, so obtained as a function 
of s. Such a plot is shown in Fig. 8. The collector 
voltage, V., is fixed at —15 volts. Curves are shown 
for I,.= —3, —4, —6, and —8 ma. We may define 
a geometrical factor, g, as the ratio of J, extra- 
polated to zero spacing to the value of g at the 
separation s: 


g(s) = (I.(0)/I.(s)) Ver Te=const.. (11.18) 


It is to be expected that g(s) will depend on J,, 
as it is the collector current which provides the 
field which draws the holes into the collector. For 
the same reason, it is expected that g(s) will be 
relatively independent of V.. This was indeed found 
to be true in this particular case and values V.= —5, 
—10, and —15 were used in Fig. 9 which gives a 
plot of g versus s for several values of J.. The dotted 
lines give the extrapolation to s=0. As expected, g 
increases with J, for a fixed s. The different curves 
can be brought into approximate agreement by 
taking s/I,4 as the independent variable, and this is 
done in Fig. 10. As will be discussed in Section V, 
such a relation is to be expected if g depends on the 
transit time for the holes. 


_ ™ Potential probe measurements on the same surface, given 
in reference 2, gave evidence of surface conductivity. 
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Variation with Temperature 


Only a limited amount of data has been obtained 
on the variation of transistor characteristics with 
temperature.® It is known that the reverse charac- 
teristic of the germanium diode varies rapidly with 
temperature, particularly in the case of units with 
high reverse resistance. In the transistor, the col- 
lector is electrically formed in such a way as to have 
relatively low reverse resistance, and its charac- 
teristic is much less dependent on temperature. 
Both Rez and Ri: decrease with increase in T, Ree 
usually decreasing more rapidly than Ry. The feed- 
back resistance, Riz, is relatively independent of 
temperature. The current multiplication factor, a, 
increases with temperature, but the change is not 
extremely rapid. Figure 11 gives a plot of a versus T 
for two experimental units. The d.c. bias currents 
are kept fixed as the temperature is varied. The 
over-all change in a from —50°C to +50°C is only 
about 50 percent. The increase in a with T results 
in an increase in power gain with temperature. This 
may be nullified by a decrease in the ratio Re2/Ru, 
so that the over-all gain at fixed bias current may 
have a negative temperature coefficient. 


Variation with Frequency 


Equations (II.5) and (II.6) may be used to 
describe the a.c. characteristics at high frequencies 
if the coefficients are replaced by general impedances. 
Thus if we use the small letters 7,, v-, %-, Yc, to denote 
the amplitude and phase of small a.c. signals 
about a given operating point, we may write 
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Fic. 4. Dependence of feed-back resistance Riz on electrode 
separation for two different parts A and B, of the same ger- 
manium surface. The surface had been oxidized by heating in 


air. 
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Fic. 5. Dependence of current amplification factor a on 
electrode separation for formed and unformed collector points. 
Positions A and B as in Fig. 4. 


Measurements of A. J. Rack and others”® show 
that the over-all power gain drops off between 1 
and 10 mc/sec. and few units have positive gain 
above 10 mc/sec. The measurements showed further 
that the frequency variation is confined almost 
entirely to Za: or a. The other coefficients, Z11, Z12, 
and Ze: are real and independent of frequency, at 
least up to 10 mc/sec. Figure 12 gives a plot of a 
versus frequency for an experimental unit. Asso- 
ciated with the drop in amplitude is a phase shift 
which varies approximately linearly with the fre- 
quency. A phase shift in Za: of 90° occurs at a 
frequency of about 4 mc/sec., corresponding to a 
delay of about 5 10-8 second. Estimates of transit 
time for the holes to flow from the emitter to the 
collector, to be made in Section V, are of the same 
order. These results suggest that the frequency 
limitation is associated with transit time rather 
than electrode capacities. Because of the difference 
in transit times for holes following different paths, 
there is a drop in amplitude rather than simply a 
phase shift. 


Ill. ELECTRICAL CONDUCTIVITY OF GERMANIUM 


Germanium, like carbon and silicon, is an element 
of the fourth group of the periodic table, with the 
same crystal structure as diamond. Each ger- 
manium atom has four near neighbors in a tetra- 
hedral configuration with which it forms covalent 
bonds. The specific gravity is about 5.35 and the 
melting point 958°C. 

The conductivity at room temperature may be 
either n- or p-type, depending on the nature and 
concentration of impurities. Scaff, Theuerer, and 
Schumacher” have shown that group III elements 
with one less valence electron, give p-type con- 
ductivity, group V elements, with one more valence 
electron, give n-type conductivity. This applies to 
both germanium and silicon. There is evidence that 


28 Unpublished data. 

297. H. Scaff, H. C. Theuerer, and E. E. Schumacher, 
“P-type and N-type Silicon and the Formation of the Photo- 
voltaic Barrier in Silicon’’ (in publication). 
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Fic. 6. Dependence of current amplification factor a on 
electrode separation for germanium surfaces from two dif- 
ferent melts, 1 and 2. 


both acceptor (p-type) and donor (n-type) im- 
purities are substitutional.” 

A schematic energy level diagram*! which shows 
the allowed energy levels for the valence electrons 
in a semiconductor like germanium is given in Fig. 
13. There is a continuous band of levels, the filled 


band, normally occupied by the electrons in the 


valence bonds, an energy gap, Eg, in which there 
are no levels of the ideal crystal, and then another 
continuous band of levels, the conduction band, 
normally unoccupied. There are just sufficient 
levels in the filled band to accommodate the four 
valence electrons per atom. The acceptor impurity 
levels, which lie just above the filled band, and the 
donor levels, just below the conduction band, cor- 
respond to electrons focalized about the impurity 
atoms. Donors are normally neutral, but become 
positively charged by excitation of an electron to 
the conduction band, an energy Ep being acquired. 
Acceptors, normally neutral, are negatively ionized 
by excitation of an electron from the filled band, 
an energy E, being required. Both Ep and Ea, are 
so small in germanium that practically all donors 
and acceptors are ionized at room temperature. If 
only donors are present, the concentration of con- 
duction electrons is equal to the concentration of 
donors, and the conductivity is n-type. If only 
acceptors ,are present, the concentration of missing 
electrons, or holes, is equal to that of the acceptors, 
and the conductivity is p-type. 

It is possible to have both donor and acceptor 
type impurities present in the same crystal. In this 
case, electrons will be transferred from the donor 
levels to the lower lying acceptor levels. The con- 
ductivity type then depends on which is in excess, 
and the concentration of carriers is equal to the 
difference between the concentrations of donors and 
acceptors. It is probable that impurities of both 
types are present in high back-voltage germanium. 
The relative numbers in solid solution can be 


% G. L. Pearson and J. Bardeen, Phys. Rev. 75, 865 (1949). 
31 See, for example, reference 6, Chap. 3. 
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changed by heat treatment, thus changing the con- 
ductivity and even the conductivity type.” 

The conductivity depends on the concentrations 
and mobilities of the carriers: Let u, and pu, be the 
mobilities, expressed in cm?/volt sec., and m, and 
n, the concentrations (number/cm?) of the elec- 
trons and holes, respectively. If both types of 
carriers are present, the conductivity, in mhos/cm, 
is 


(III.1) 


where e is the electronic charge in coulombs 
(1.6 10-*). 

Except for relatively high concentrations (~10!"/ 
cm’ or larger), or at low temperatures, the mobilities 
in germanium are determined mainly by lattice 
scattering and so should be approximately the same 
in different samples. Approximate values, estimated 
from Hall and resistivity data obtained at Purdue 
University? and at the Bell Telephone Labora- 
tories® are: 


wa=5X105T-}, (II1.2) 
be = 6.5 X10°T—3(cm?/volt sec.),  (III.3) 


in which T is the absolute temperature. There is a 
considerable spread among the different measure- 
ments, possibly arising from inhomogeneity of the 
samples. The temperature variation is as indicated 
by theory. These equations give y,~1000 and 
te~1300 cm?/volt sec. at room temperature. The 
resistivity of the germanium used varies from 
about 1 to 30 ohm cm, corresponding to values 
of m,. between 1.5X10!4 and 4 10"%/cm’. 

At high temperatures, electrons may be thermally 
excited from the filled band to the conduction band, 
an energy Eg being required. Both the excited 
electron and the hole left behind contribute to the 
conductivity. The conductivities of all samples 
approach the same limiting values, regardless of 
impurity concentration, given by an equation of 
the form 


o=NCMe +Nrepn, 


o =~ exp(—Eg¢/2kT), (III.4) 


where & is Boltzmann’s constant. For germanium, 
J» is about 3.3104 mhos/cm and Eg about 0.75 ev. 


8 Lark-Horovitz, Middleton, Miller, and Walerstein, Phys. 
Rev. 69, 258 (1946). 

33 Hall and resistivity data at the Bell Laboratories were 
obtained by G. L. Pearson on samples furnished by J. H. 
Scaff and H. C. Theuerer. Added in proof: Recent hall measure- 
ments of G. L. Pearson on single crystals of m- and p-type 
germanium give values of 2700 and 1600 cm?/volt sec. for 
electrons and holes, respectively, at room temperature. The 
latter value has been confirmed by J. R. Haynes by measure- 
ments of the drift velocity of holes injected into n-type 
germanium. These values are higher, particularly for electrons, 
than earlier measurements on polycrystalline samples. Use 
of the new values will modify some of the numerical estimates 
made herein, but the orders of magnitude, which are all that 
are significant, will not be affected. W. Ringer and H. Welker, 
Zeits. f. Naturforschung 1, 20 (1948), give a value of 2000 
cm?/volt sec. for high resistivity n-type germanium. 


The exponential factor comes from the variation 
of concentration with temperature. Statistical 
theory* indicates that m, and m, depend on tem- 
perature as 


n.=C.T! exp(—¢./kT), (III.5a) 
n,= CT? exp(— ¢2/kT), (III.5b) 


where ¢, is the energy difference between the 
bottom of the conduction band and the Fermi level 
and gz is the difference between the Fermi level and 
the top of the filled band. The position of the Fermi 
level depends on the impurity concentration and on 
temperature. The theory gives 


C.~Cy~2(2amk/h?)?~5 X10, — (III.6) 


where m is an effective mass for the electrons (or 
holes) and h is Plank’s constant. The numerical 
value is obtained by using the ordinary electron 
mass for m. 

The product 7,m, is independent of the position 
of the Fermi level, and thus of impurity concen- 
tration, and depends only on the temperature. 
From Eggs. (III.5a) and (III.5b) 


nn,=C.C,T* exp(—Eg/kT). 


In the intrinsic range, we may set m,=n,=n, and 
find, using (III.1), (III.2), and (III.3), an ex- 
pression of the form (III.4) for o with 


Om = 11.5 X10%e(C.C;)!. (III.8) 


Using the theoretical value (III.6) for (C.C)?, we 
find 


(111.7) 


To =0.9X 104 mhos/cm, 


as compared with the empirical value of 3.3104, 
a difference of a factor of 3.6. A similar discrepancy 
for silicon appears to be related to a variation of E¢ 
with temperature. With an empirical value of 


(111.9) 


C.Cr=25 X10” X3.62~3 X 10°, 
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Fic. 7. Collector characteristic V. vs. I. for fixed I, but variable 
distance of separation. 


%4See R. H. Fowler, Statistical Mechanics (Cambridge 
University Press, London, 1936), second edition. 
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Fic. 8. Emitter current J, vs. separation for fixed 
I-and Ve. 


Eq. (III.7) gives 


nen,~107"/cm$ (III.10) 


when evaluated’for room temperature. Thus for 
ne~10"/cm', n, is the order of 10”. The equilibrium 
concentration of holes is small. 

Below the intrinsic temperature range, , is ap- 
proximately constant and m, varies as 


nn=(C.CyT?/n,.) exp(—Ee@/kT). (III.11) 
IV. THEORY OF THE DIODE CHARACTERISTIC 


Characteristics of metal point-germanium con- 
tacts include high forward currents, as large as 5 
to 10 ma at 1 volt, small reverse currents, corre- 
sponding to resistances as high as one megohm or 
more at reverse voltages up to 30 volts, and the 
ability to withstand large voltages in the reverse 
direction without breakdown. A considerable vari- 
ation of rectifier characteristics is found with 
changes in preparation and impurity content of the 
germanium, surface treatment, electrical power or 
forming treatment of the contacts, and other factors. 

A typical d.c. characteristic of a germanium rec- 
tifier® is illustrated in Fig. 14. The forward voltages 
are indicated on an expanded scale. The forward 
current at 1-volt bias is about 3.5 ma and the dif- 
ferential resistance is about 200 ohms. The reverse 
current at 30 volts is about 0.02 ma and the dif- 
ferential resistance about 510° ohms. The ratio 
of the forward to the reverse current at 1-volt bias 
is about 500. At a reverse voltage of about 160 the 
differential resistance drops to zero, and with 
further increase in current the voltage across the 
unit drops. The nature of this negative resistance 
portion of the curve is not completely understood, 
but it is believed to be associated with thermal 


36 From unpublished data of K. M. Olsen. 
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effects. Successive points along the curve correspond 
to increasingly higher temperatures of the contact. 
The peak value of the reverse voltage varies among 
different units. Values of more than 100 volts are 
not difficult to obtain. 

Theories of rectification as developed by Mott, 
Schottky,®” and others** have not been successful 


’ in explaining the high back-voltage characteristic in 


a quantitative way. In the following we give an 
an outline of the theory and its application to ger- 
manium. It is believed that the high forward cur- 
rents can now be explained in terms of a flow of 
holes. The type of barrier which gives a flow of 
carriers of conductivity type opposite to that of 
the base material is discussed. It is possible that a 
hole current also plays an important role in the 
reverse direction. 


The Space-Charge‘Layer 


According to the Mott-Schottky theory, recti- 
fication results from a potential barrier at the 
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Fic. 9. The factor g is the ratio of the emitter current 
extrapolated to s=0 to that at electrode separation s required 
to give the same collector current, J. and voltage, V.. Plot 
shows variation of g with s for different J.. The factor is 
independent of V. over the range plotted. 


36 N. F. Mott, Proc. Roy. Soc. 171A, 27 (1939). 

37 W. Schottky, Zeits. f. Physik 113, 367 (1939); Physik. 
Zeits. 41, 570 (1940); Zeits. f. Physik. 118, 539 (1942). Also 
see reference 18. 

38 See reference 6, Chap. 4. 
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contact which impedes the flow of electrons between 
the metal and the semiconductor. A schematic 
energy level diagram of the barrier region, drawn 
roughly to scale for. germanium, is given in Fig. 
15. There is a rise in the electrostatic potential 
energy of an electron at the surface relative to the 
interior which results from a space-charge layer in 
the semiconductor next to the metal contact. The 
space charge arises from positively ionized donors, 
that is from the same impurity centers which give 
the conduction electrons in the body of the semi- 
conductor. In the interior, the space charge of the 
donors is neutralized by the space charge of the 
conduction electrons, which are present in equal 
numbers. Electrons are drained out of the space- 
charge layer near the surface, leaving the immobile 
donor ions. 

The space-charge layer may be a result of the 
metal-semiconductor contact, in which case the 
positive charge in the layer is compensated by an 
induced charge of opposite sign on the metal 
surface. Alternatively, the charge in the layer may 
be compensated by a surface charge density of elec- 
trons trapped in surface states on the semicon- 
ductor.® It is believed, for reasons to be discussed 
below, that the latter situation applies to high 
back-voltage germanium, and that a space-charge 
layer exists at the free surface, independent of the 
metal contact. The height of the conduction band 
above the Fermi level at the surface, ¢,, is then 
determined by the distribution in energy of the 
surface states. . ' 

That the space-charge layer which gives the rec- 
tifying barrier in germanium arises from surface 
states, is indicated by the following: 


(1) Characteristics of germanium-point contacts do not 
depend on the work function of the metal, as would be ex- 
pected if the space-charge layer were determined by the metal 
contact. 

(2) There is little difference in contact potential between 
different samples of germanium with varying impurity con- 
centration. Benzer*® found less than 0.1-volt difference between 
samples ranging from n-type with 2.6X10'* carriers/cm* to 
p-type with 6.4 < 10"8 carriers/cm*. This is much less than the 
difference of the order of the energy gap, 0.75 volt, which 
would exist if there were no surface effects. 

(3) Benzer*® has observed the characteristics of contacts 
formed from two crystals of germanium. He finds that in both 
directions the characteristic is similar to the reverse charac- 
teristic of one of the crystals in contact with a highly con- 
ducting metal-like germanium crystal. 

(4) One of the authors" has observed a change in contact 
potential with light similar to that expected for a barrier layer 
at the free surface. 


Prior to Benzer’s experiments, Meyerhof* had 
shown that the contact potential difference mea- 
sured between different metals and silicon showed 


39S. Benzer, Progress Pa Contract No. W-36-039-SC- 
32020, Purdue University (Sept. 1-Nov. 30, 1946). 
S. Benzer, Phys. Rev. 71, 141 (1947). 


























little correlation with rectification, and that the 
contact potential difference between n- and p-type 
silicon surfaces was small. There is thus evidence 
that the barrier layers in both germanium and 
silicon are internal and occur at the free surface.*! 

In the development of the mathematical theory 
of the space-charge layer at a rectifier contact, 
Schottky and Spenke!* point out the possibility of 
a change in conductivity type between the surface 
and the interior if the potential rise is sufficiently 
large. The conductivity is p-type if the Fermi level 
is closest to the filled band, n-type if it is closest to 
the conduction band. In the illustration (Fig. 15), 
the potential rise is so large that the filled band is 
raised up to a position close to the Fermi level at 
the surface. This situation is believed to apply to 
germanium. There is then a thin layer near the 
surface whose conductivity is p-type, superimposed 
on the u-type conductivity in the interior. Schottky 


I¢ =-2 MILLIAMPERES 
Ig =-4 ” 
I, =-6 " 
Ic =-8 "“ 
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Fic. 10. The factor g (Fig. 9) plotted as a function of s/J.', 
with s in cm and J, in amp. 


41 Further evidence that the barrier is internal comes from 
some unpublished experiments of R. Haynes with the 
transistor. Using a fixed collector point, and keeping a fixed 
distance between emitter and collector, he varied the material 
used for the emitter point. He used semiconductors as well as 
metals for the emitter point. While the impedance of the 
emitter point varied, it was found that equivalent emitter 
currents give changes in current at the collector of the same 
order for all materials used. It is believed that in all cases a 
large part of the forward current consists of holes. 


J. BARDEEN AND W. H. BRATTAIN 


v 
° 


CURRENT AMPLIFICATION FACTOR, @ 
9° 
uw 


° 
-S0 -40 -30 -20 -10 ° 10 20 30 40 50 
TEMPERATURE IN DEGREES CENTIGRADE 


Fic. 11. Current amplification factor a vs. temperature for 
two experimental units A and B. 


and Spenke call the layer of opposite conductivity 
type an inversion region. 

Referring to Eqs. (III.5a) and (III.5b) for the 
concentrations, it can be seen that since C, and C; 
are of the same order of magnitude, the conduc- 
tivity type depends on whether ¢, is larger or 
smaller than g,. The conductivity is m-type when 


ge<3Ec, gn> Ee, (IV.1) 


and is p-type when the reverse situation applies. 
The maximum resistivity occurs at the position 
where the conductivity type changes and 


(IV.2) 


ve~on~7Ec. 
The change from n- to p-type will occur if 
¢:> Ea, (IV.3) 


or if the over-all potential rise, gy, is greater ‘than 


(IV.4) 


where go is the value of ¢, in the interior. Since for 
high back-voltage germanium, Eg~0.75 ev and 
¢e0~0.25 ev, a rise of more than 0.12 ev is sufficient 
for a change of conductivity type to occur. A rise 
of 0.50 ev will bring the filled band close to the 
Fermi level at the surface. 

Schottky” relates the thickness of the space- 


Eg — Peds 





1.4 





a 
iv 





° 


Ay 





° 
@ 





° 
® 





CURRENT AMPLIFICATION FACTOR 
° 
. 


\ 


\ 


i. i 1 i iL 
105 106 107 
FREQUENCY IN CYCLES PER SECOND 





° 
vv 






































° 





Fic. 12. Current amplification factor a vs. frequency. 


charge layer with a potential rise as follows. Let p 
be the average change density, assumed constant 
for simplicity, in the space-charge layer. In the 
interior p is compensated by the space charge of 
the conduction electrons. Thus, if 2 is the normal 
concentration of electrons,‘ 


(IV.5) 


Integration of the space-charge, equations gives a 
parabolic variation of potential with distance, and 
the potential rise, gs, is given in terms of the thick- 
ness of the space-charge layer, /, by the equation 


> = 2mepl?/ x = 2re*Nol?/k. (IV.6) 


p=eNno. 


For 
$b = ~s— Yeo~0.5 ev~8 X10- erg, 


and 
nyo~10%/cm!3, 


the barrier thickness, /, is about 10-* cm. The die- 
lectric constant, x, is about 18 in germanium. 

When a voltage V, is applied to a rectifying 
contact, there will be a drop V» across the space- 
charge layer itself and an additional drop, JR,, in 
the body of the germanium which results from the 
spreading resistance, R,, so that 


Va= Viot+IR,. (1V.7) 


The potential energy drop, —eV%, is superimposed 
on the drop g» which exists under equilibrium con- 
ditions. For this case Eq. (IV.6) becomes 


go—eV_=2me7*mol?/k. (IV.8) 


The potential V; is positive in the forward direction, 
negative in the reverse. A reverse voltage increases 
the thickness of the layer, a forward voltage de- 
creases the thickness of the layer. The barrier disap- 
pears when eV;= g», and the current is then limited 
entirely by the spreading resistance in the body of 
the semiconductor. 
The electrostatic field at the contact is 


F=4Arenol/x=(8xno(g,—eV>)/x)*. (1V.9) 


For mo~10", 1~10-4, and «~18, the field F is 
about 30 e.s.u. or 10,000 volts/cm. The field in- 
creases the current flow in much the way the 
current from a thermionic emitter is enhanced by 
an external field. 

Previous theories of rectification have been based 
on the flow of only one type of carrier, i.e., electrons 
in an -type or holes in a p-type semiconductor. If 
the barrier layer has an inversion region, it is 
necessary to consider the flow of both types of 
carriers. Some of the hitherto puzzling features of 
the germanium diode characteristic can be ex- 
plained by the hole current. While a complete 


“ The space charge of the holes in the inversion region of 
the barrier layer is neglected for simplicity. 




















theoretical treatment has not been carried out, we 
will give an outline of the factors involved and then 
give separate discussions for the reverse and forward 
directions. 

The current of holes may be expected to be im- 
portant if the concentration of holes at the semi- 
conductor boundary of the space-charge layer is as 
large as the concentration of electrons at the metal- 
semiconductor interface. In equilibrium, with no 
current flow, the former is just the hole concentra- 
tion in the interior, 2,0, which is given by 


Nno= CiT! exp(— gno/kT), (1V.10) 


where gao is the energy difference between the 
Fermi level in the interior and the top of the filled 
band. The concentration of electrons at the inter- 
face is given by: 


ten = CeT! exp(— ¢,/kT). (IV.11) 


Since C, and C, are of the same order, mx» will be 
larger than Mem if gy, is larger than go. This latter 
condition is met if the hole concentration at the 
metal interface is larger than the electron concen- 
tration in the interior. The concentrations will, of 
course, be modified when a current is flowing, but 
the criterion just given’ is nevertheless a useful 
guide. The criterion applies to an inversion barrier 
layer regardless of whether it is formed by the metal 
contact or is of the surface states type. In the 
latter case, as discussed in the Introduction, a 
lateral flow of holes along the surface layer into the 
contact may contribute to the current. 

Two general theories have been developed for the 
current in a rectifying junction which apply in dif- 
ferent limiting cases. The diffusion theory applies 
if the current is limited by the resistance of the 
space-charge layer. This will be the case if the 
mean free path is small compared with the thickness 
of the layer, or, more exactly, small compared with 
the distance required for the potential energy to 
drop kT below the value at the contact. The diode 
theory applies if the current is limited by the ther- 
mionic emission current over the barrier. In ger- 
manium, the mean free path (10-5 cm) is of the 
same order as the barrier thickness. Analysis 
shows, however, that scattering in the barrier is 
unimportant and that it is the diode theory which 
should be used. ** 


Reverse Current 


Different parts of the d.c. current-voltage charac- 
teristics require separate discussion. We deal first 
with the reverse direction. The applied voltages are 
assumed large compared with kT/e (0.025 volt at 
room temperature), but small compared with the 
peak reverse voltage, so that thermal effects are 


‘8 Reference 6, Chapter 4. 
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Fic. 13. Schematic energy level diagram for germanium 
st filled and conduction bands and donor and acceptor 
evels. 


unimportant. Electrons flow from the metal point 
contact to the germanium, and holes flow in the 
opposite direction. 

Benzer** has made a study of the variation of 
the reverse characteristic with temperature. He 
divides the current into three components whose 
relative magnitudes vary among different crystals 
and which vary in different ways with temperature. 
These are: 


(1) A saturation current which rises very rapidly with 
applied voltage, approaching a constant value at a fraction 
of a volt. 

(2) A component which increases linearly with the voltage. 

(3) A component which increases more rapidly than linearly 
with the voltage. 


The first two increase rapidly with increasing 
temperature, while the third component is more or 
less independent of ambient temperature. It is the 
saturation current, and perhaps also the linear 
component, which are to be identified with the 
theoretical diode current. 

The third component is the largest in units with 
low reverse resistance. It is probable that in these 
units the barrier is not uniform. The largest part 
of the current, composed of electrons, flows through 
patches in which the height of the barrier is small. 
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Fic. 14. Current-voltage characteristic of high back-voltage 
germanium rectifier. Note that the voltage scale in the forward 
direction has been expanded by a factor of 20. 


44S. Benzer, Temperature Dependence of High Voltage 
Germanium Rectifier D.C. Characteristics, NDRC 14-579, 
Purdue University, October 31, 1945. See reference 6, p. 376. 
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Fic. 15. Schematic energy level diagram of barrier layer at 
germanium surface showing inversion layer of p-type con- 
ductivity. 


The electrically formed collector in the transistor 
may have a barrier of this sort. 

Benzer finds that the saturation current pre- 
dominates in units with high reverse resistance, and 
that this component varies with temperature as 


I,= —Ine*!*?, (IV.12) 


with ¢ nearly 0.7 ev. The negative sign indicates a 
reverse current. According to the diode theory,** 
one would expect it to vary as 


e= —BT'et!*7, (IV.13) 


Since ¢ is large, the observed current can be fitted 
just about as well with the factor T? as without. 
The value of ¢ obtained using (IV. 13) is about 0.6 
ev. The saturation current** at room temperature 
varies from 10-7 to 10-* amp., which corresponds to 
values of B in the range of 0.01 to 0.1 amp./deg.?. 

The theoretical value of B is 120 times the con- 
tact area, A.. Taking A-~10-* cm? as a typical 
value for the area of a point contact gives B~10-4 
amp./deg.? which is only about 1/100 to 1/1000 of 
the observed. It is difficult to reconcile the mag- 
nitude of the observed current with the large tem- 
perature coefficient, and it is possible that an im- 
portant part of the total flow is a current of holes 
into the contact. Sucli a current particularly is to 
be expected on surfaces which exhibit an appre- 
ciable surface conductivity. 

Neglecting surface effects for the moment, an 
estimate of the saturation hole current might be 
obtained as follows. The number of holes entering 


the space-charge region per second is*® 
NnwVaA -/4, 


where mz is the hole concentration at the semi- 
conductor boundary of the space-charge layer and 
Vv, is an average thermal velocity (~10’ cm/sec.). 
The hole current, J;, is obtained by multiplying by 
the electronic charge, giving 


ih= —NpplaA./4, (IV.14) 


If we set 2,5 equal to the equilibrium value for the 
interior, say 10!?/cm’, we get a current [,h~~4X1077 
amp., which is of the observed order of magnitude 
of the saturation current at room temperature. 
With this interpretation, the temperature variation 
of I, is attributed to that of ,, which, according to 
Eq. (III.11) varies as exp(—Eg¢/kT). The ob- 
served value of ¢ is indeed almost equal to the 
energy gap. 

The difficulty with this picture is to see how map 
can be as large as mao when a current is flowing. 
Holes must move toward the contact area pri- 
marily by diffusion, and the hole current will be 
limited by a diffusion gradient. The saturation 
current depends on how rapidly holes are generated, 
and reasonable estimates based on the mean life- 
time, 7, yield currents which are several orders of 
magnitude too small. A diffusion velocity, vp, of the 


order 
vp~(D/r)}, (IV.15) 


replaces v,/4 is Eq. (IV.14). Setting D~25 cm?/sec. 
and r~10~ sec. gives vp ~5 X 10’, which would give 
a current much smaller than the observed. What 
is needed, then, is some other mechanism which 
will help maintain the equilibrium concentration 
near the barrier. Surface effects may be important 
in this regard. 


Forward Current 


The forward characteristic is much less dependent 
on such factors as surface treatment than the 
reverse. In the range from 0 to 0.4 volt in the 
forward direction, the current can be fitted quite 
closely by a semi-empirical expression“ of the form: 


I=I)(e®Y>—1), (IV.16) 


where V; is the drop across the barrier resulting 
from the applied voltage, as defined by Eq. (IV.7). 
Equation (1V.16) is of the general form to be 
expected from theory, but the measured value of 6 
is generally less than the theoretical value e/kT 
(40 volts~! at room temperature). Observed values 
of 8 may be as low as 10, and in other units are 
nearly as high as the theoretical value of 40. The 
factor Ip also varies among different units and is of 

45 See, for example, E. H. Kennard, Kinetic Theory of Gases 


(McGraw-Hill Book Company, Inc., New York, 1938), p. 63. 
46 Reference 6, p. 377. 
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the order 10-7 to 10-* ampere. While both experi- 
ment and theory indicate that the forward current 
at large forward voltages is largely composed of 
holes, the composition of the current at very small 
forward voltages is uncertain. Small areas of low ¢,, 
unimportant at large forward voltages, may give 
most of the current at very small voltages. Currents 
flowing in these areas will consist largely of elec- 
trons. 

Above about 0.5 volt in the forward direction, 
most of the drop occurs across the spreading re- 
sistance, R,, rather than across the barrier. The 
theoretical expression for R, for a circular contact 
of diameter d on the surface of a block of uniform 
resistivity p is: 

R.= p/2d. (IV.17) 


Taking as typical values for a point contact on 
high back-voltage germanium, p=10 ohm cm and 
d=0.0025 cm, we obtain R,=2000 ohms, which is 
the order of ten times the observed. 

As discussed in the Introduction, Bray and 
others? 22 have attempted to account for this dis- 
crepancy by assuming that the resistivity decreases 
with increasing field, and Bray has made tests to 
observe such an effect. The authors have investi- 
gated the nature of the forward current by making 
potential probe measurements in the vicinity of a 
point contact.2 These measurements indicate that 
there may be two components involved in the 
excess conductivity. Some surfaces, prepared by 
oxidation at high temperatures, give evidence for 
excess conductivity in the vicinity of the point in 
the reverse as well as in the forward direction. This 
ohmic component has been attributed to a thin 
p-type layer on the surface. All surfaces investigated 
exhibit an excess conductivity in the forward direc- 
tion which increases with increasing forward 
current. This second component is attributed to an 
increase in the concentration of carriers, holes and 
electrons, in the vicinity of the point with increase 
in forward current. Holes flow from the point into 
the germanium and their space charge is com- 
pensated by electrons. ; 

The ohmic component is small, if it exists at all, 
on surfaces treated in the normal way for high 
back-voltage rectifiers (i.e., ground and etched). 
The nature of the second component on such 
surfaces has been shown by more recent work of 
Shockley, Haynes,” and Ryder?* who have inves- 
tigated the flow of holes under the influence of 
electric fields. These measurements prove that the 
forward current consists at least in large part of 
holes flowing into the germanium from the contact. 

It is of interest to consider the way the concen- 
trations of holes and electrons vary in the vicinity 
of the point. An exact calculation, including the 
effect of recombination, leads to a non-linear dif- 


ferential equation which must be solved by nu- 
merical methods. A simple solution can be obtained, 
however, if it is assumed that all of the forward 
current consist of holes and if recombination ‘is 
neglected. 

The electron current then vanishes everywhere, 
and the electric field is such as to produce a con- 
duction current ef electrons which just cancels the 
current from diffusion, giving 


n.F = —(kT/e) gradn,. (IV.18) 


This equation may be integrated to give the relation 
between the electrostatic potential, V, and m,, 


V=(kT/e) log(n./neo). (IV.19) 


The constant of integration has been chosen so 

that V=0 when 2, is equal to the normal electron 

concentration mo. The equation may be solved for 
n, to give: 

Ne = Neo exp(eV/RT). (IV.20) 

If trapping is neglected, electrical neutrality 


requires that 
Ne = Nh +MNeo. (IV.21) 


Using this relation, and taking 9 a constant, we 
can express the field F in terms of m, 


F=—(kT/e(nx+mn-0)) gradn,. (IV.22) 


The hole current density, 7;, is the sum of a con- 
duction current resulting from the field F and a 
diffusion current: 


(IV.23) 
Using Eq. (IV.22), we may write this in the form 
tn= —RT yr ((2nn+neo)/(mnt+neo)) gradn,. (IV.24) 


The current density can be written 


4, = npeunk —kT up gradny. 


1,= —grady, (IV.25) 


where 
V=kTyp(2nn— Neo log((tnt+mMeo)/meo)). (1V.26) 
Since 7, satisfies a conservation equation, 


divz,=0, (IV.27) 


y satisfies Laplace’s equation. 

If surface effects are neglected and it is assumed 
that holes flow radially in all directions from the 
point contact, y may be expressed simply in terms 
of the total hole current, J, flowing from the 
contact : 


y= —I,/2ar. (IV.28) 


Using (IV.26), we may obtain the variation of m, 
with r. We are interested in the limiting case in 
which mz, is large compared with the normal electron 
concentration, #9. The logarithmic term in (IV.26) 
can then be neglected, and we have 


ny=1),/4arprkT. (1V.29) 
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For example, if J,=10-* amp., u,=10* cm?/volt 
sec., and kT/e=0.025 volt, we get, approximately, 


n,=2X1018/r. (IV.30) 


For r~0.0005 cm, the approximate radius of a 


point contact, 
ny~4 X 10"*/cm3, (1V.31) 


which is about 40 times the normal electron con- 

centration in high back-voltage germanium. Thus 

the assumption that m, is large compared with 1.9 

is valid, and remains valid up to a distance of the 

order of 0.005 cm, the approximate distance the 

points are separated in the transistor. 
To the same approximation, the field is 


F=kT/er, 


independent of the magnitude of J;. 

The voltage drop outside of the space-charge 
region can be obtained by setting m, in (IV.19) 
equal to the value at the semiconductor boundary 
of the space-charge layer. This result holds gener- 
ally, and does not depend on the particular ge- 
ometry we have assumed. It depends only on the 
assumption that the electron current 7, is every- 
where zero. Actually 7, will decrease and 1, increase 
by recombination, and there will be an additional 
spreading resistance for the electron current. 

If it is assumed that the concentration of holes 
at the metal-semiconductor interface is independent 
of applied voltage and that the resistive drop in the 
barrier layer itself is negligible, that part of the 
applied voltage which appears across the barrier 
layer itself is: 


V2 = (kT /e) log(mno/Mro), (1V.33) 


where mp» is the hole concentration at the semicon- 
ductor boundary of the space-charge layer and mo 
is the normal concentration. For n,,~5 X10" and 
nrom1012, Vz is about 0.30 volt. 

The increased conductivity caused by hole 
emission accounts not only for the large forward 
currents, but also for the relatively small de- 
pendence of spreading resistance on contact area. 
At a small distance from the contact, the concen- 
trations and voltages are independent of contact 
area. The voltage drop within this small distance 
is a small part of the total and does not vary rapidly 
with current. 

We have assumed that the electron current, J,, 
at the contact is negligible compared with the 
hole current, J;. An estimate of the electron current 
can be obtained as follows. From, the diode theory, 


I,= (en.40aA -/4) exp( = (go—e Vs)/RT), (I1V.34) 


since the electron concentration at the semicon- 
ductor boundary of the space-charge layer is ,, and 
the height of the barrier with the voltage applied 
is g»—eV>. For simplicity we assume that both 1,, 


(IV.32) 
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and ma» are large compared with ,.9 so that we may 
replace ”., by ms, without appreciable error. The 
latter can be obtained from the value of y at the 


contact: 
y = I,/4a. 


Expressing y in terms of m,», we find 
nn =1,/8kT pra. (IV.36) 


Using (1V.33) for Vz, and (III.5b) for mo we find 
after some reduction, 


I, = Th?/Terit 
256C.(RkTu,)?T? 


(1V.35) 


(IV.37) 


where 





exp(—yam/kT). (IV.38) 


crit > 
Teg 
The energy difference gam is the difference between 
the Fermi level and the filled band at the metal- 
semiconductor interface.. Evaluated for germanium 
at room temperature, (IV.38) gives 


Terit =0.07 exp(— gim/kT) amp. (IV.39) 


which is a fairly large current if gam is not too large 
compared with kT. If I, is small compared with 
T-rit, the electron current will be negligible. 


V. THEORETICAL CONSIDERATIONS ON 
TRANSISTOR ACTION 


In this section we discuss some of the problems 
connected with transistor action, such as: 


(1) fields produced by the collector current, 

(2) transit times for the holes to flow from emitter to col- 
lector, 

(3) current multiplication in collector, 

(4) feed-back resistance. 


We do no more than estimate orders of magnitude. 
An exact calculation, taking into account the 
change of conductivity introduced by the emitter 
current, loss of holes by recombination, and effect 
of surface conductivity is difficult and is not 
attempted. 

To estimate the field produced by the collector, 
we assume, that the collector current is composed 
mainly of conduction electrons, and that the elec- 
trons flow radially away from the collector. This 
assumption should be most nearly valid when the 
collector current is large compared with the emitter 
current. The field at a distance r from the collector 
is, 


F= pI,/2ar’. (V.1) 


For example, if, p=10 ohm cm, J-=0.001 amp., and 
r=0.005 cm, F is about 100 volts/cm. 

The drift velocity of a hole in the field F is p,F. 
The transit time is 


dr 2r 


T=] —= ff ar, (V.2) 
MF prpl. Yo 
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where s is the separation between the emitter and 
collector. Integration gives, 


T =2n5*/3yunol-. (V.3) 


For s=0.005 cm, u,=1000 cm?/volt sec., p=10 
ohm cm, and J,=0.001 amp. T is about 0.25 1077 
sec. This is of the order of magnitude of the transit 
times estimated from the phase shift in a or Z2. 

The ‘hole current, J;, is attenuated by recom- 
bination in going from the emitter to the collector. 
If 7 is the average lifetime of a hole, J, will be 
decreased by a factor, e~7/*. In Section II it was 
found that the geometrical factor, g, which gives 
the influence of separation on the interaction 
between emitter and collector depends on the 
variable s/J,*. This suggests that the transit time 
is the most important factor in determining g. An 
estimate” of 7, obtained from the data of Fig. 10, 
is 2X10~ sec. 

Because of the effect of holes in increasing the 
conductivity of the germanium in the vicinity of 
the emitter and collector, it can be expected that 
the field, the lifetime, and the geometrical factor 
will depend on the emitter current. The effective 
value of p to be used in Eqs. (V.1) and (V.2) will 
decrease with increase in emitter current. This 
effect is apparently not serious with the surface 
used in obtaining the data for Figs. 8 to 10. 

Next to be considered is the effect of the space 
charge of the holes on the barrier layer of the col- 
lector. An estimate of the hole concentration can 
be obtained as follows. The field in the barrier layer 
is of the order of 104 volts/cm. Multiplying by the 
mobility gives a drift velocity, vg of 10’ cm/sec., 
which is approximately thermal velocity.‘* The 
hole current is 


ITn=nyevaAc, (V.4) 


where A, is the area of the collector contact, and 
n, the concentration of holes in the barrier. Solving 
for the latter, we get 


nh = I,/evaA ce (V.5) 


For J,=0.001 amp., vgz=10? cm/sec. and A,=10- 
cm?, m, is about 0.610", which is of the same 
order as the concentration of donors. Thus the hole 
current can be expected to alter the space charge 
in the barrier by a significant amount, and cor- 
respondingly alter the flow of electrons from the 
collector. It is believed that current multiplication 


‘7 Obtained by plotting logg versus S*/I.. This plot is not 
a straight line, but has an upward curvature corresponding to 
an increase in r with separation. The value given is a rough 
average, Corresponding to S?/J, the order of 107-8 plage 

48 One may expect that the mobility will depend on field 
strength when the drift velocity is as large as or is larger than 
thermal velocity. Since ours is a borderline case, the calcula- 
tion using the low field mobility should be correct at least as 
to order of magnitude. 


(values of a>1) can be accounted for along these 
lines. 

As discussed in Section II, there is an influence of 
collector current on emitter current of the nature 
of a positive feedback. The collector current lowers 
the potential of the surface in the vicinity_of the 
emitter by an amount 


V=pl,/2ns. (V.6) 
The feed-back resistance Rr as used in Eq. (II.2) is 
Rr=p/2rs. (V.7) 


For p=10 ohm cm and s=0.005 cm, the value of 
Rr is about 300 ohms, which is of the observed 
order of magnitude. It may be expected that Rr 
will decrease as p decreases with increase in emitter 
current. 

The calculations made in this section confirm the 
general picture which has been given of the way the 
transistor operates. 


VI. CONCLUSIONS 


Our discussion has been confined to the transistor 
in which two point contacts are placed in close 
proximity on one face of a germanium block. It is 
apparent that the principles can be applied to 
other geometrical designs and to other semi- 
conductors. Some preliminary work has shown that 
transistor action can be obtained with silicon and 
undoubtedly other semiconductors can be used. 

Since the initial discovery, many groups in the 
Bell Laboratories have contributed to the progress 
that has been made. This work includes investiga- 
tion of the physical phenomena involved and the 
properties of the materials used, transistor design, 
and measurements of characteristics and circuit 
applications. A number of transistors have been 
made for experimental use in a pilot production. 
Obviously no attempt has been made to describe 
all of this work, some of which has been reported 
on in other publications.® ™ 28 

In a device as new as the transistor, various 
problems remain to be solved. A reduction in noise 
and an increase in the frequency limit are desirable. 
While much progress has been made toward making 
units with reproducible characteristics, further 
improvement in this regard is also desirable. 

It is apparent from reading this article that we 
have received a large amount of aid and assistance 
from other members of the Laboratories staff, for 
which we are grateful. We particularly wish to 
acknowledge our debt to Ralph Bown, Director of 
Research, who has given us a great deal of en- 
couragement and aid from the inception of the work 
and to William Shockley, who has made numerous 
suggestions which have aided in clarifying the 
phenomena involved. 
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The two-meter focusing curved crystal spectrometer has 
been used to make a direct precision wave-length measure- 
ment of the annihilation radiation from Cu® by first-order 


reflection from both sides of the (310) planes of the curved: 


quartz lamina. The instrument constant has been calibrated 
(by measurements of the K spectrum from a tungsten target 
x-ray tube) so as to give gamma-ray wave-lengths correct to 
+0.01 x.u. Using a source of 2.5 curies of neutron-activated 
Cu“, a sharp annihilation radiation line substantially sym- 
metrical to within the precision of our observations was ob- 
tained. The measured wave-length at the peak of this line 
after conversion (by the multiplying factor \./A,= 1.00203) 
from the conventional Siegbahn scale of x.u. to angstroms 
was 0.024271+0.000010A which is in satisfactory agreement 
with the value 0.0242650+0.0000025A obtained by DuMond 
and Cohen for the Compton wave-length in their 1947 least 
squares evaluation of the atomic constants F, No, mo, and h 
from a wide variety of sources of information. The present 
measurement therefore adds another important confirming 
datum to the above-mentioned 1947 set of least squares 
adjusted values. It also adds further independent evidence 


favorable to the higher iodine value of the Faraday and un- 
favorable to the silver value. 

The profile of the observed annihilation “line” is slightly 
broader than a careful analysis of all instrumental causes 
seems capable of accounting for. The residual ‘“‘natural”’ pro- 
file, after abstraction of the instrumental broadening, is 
roughly estimated to have a half-width of 0.096 x.u. If this 
were ascribed to a Doppler effect of the motions of recom- 
bining pairs of moving negative and essentially stationary 
positive electrons the velocities would correspond to electrons 
of only 16 ev, an order of energy which can hardly be asso- 
ciated with anything but the conduction electrons in copper. 
The 0.66-Mev positrons emitted by the Cu® nuclei are so 
rapidly retarded by large parameter inelastic ‘‘collisions’’ with 
electrons as Heitler has shown, that less than two percent of 
them undergo annihilation before reaching thermal velocities. 
They then become virtually stationary targets for annihila- 
tion chiefly by conduction electrons and possibly M electrons. 
The repulsion of the nuclear fields probably explains why 
annihilation by K and L electrons is improbable. 





INTRODUCTION 


HE purpose of the present investigation was 
twofold. Firstly, it was hoped that a precision 
determination of the Compton wave-length , 
=h/mc could be made experimentally by a direct 
crystal diffraction measurement of the wave-length 
of the 0.5-Mev annihilation radiation coming from 
the recombination of positrons (emitted by Cu) 
with negative electrons in a solid book of neutron- 
activated copper. Secondly, a study of the spectral 
distribution of the annihilation radiation from the 
copper was planned with the hope of obtaining 
more detailed information about the annihilation 
process. 

The annihilation radiation “‘line’’ is frequently 
used as a reference in nuclear studies with magnetic 
B-ray spectrometers. Because such instruments have 
rather low resolving power and are difficult to 
calibrate with high absolute accuracy, considerable 
uncertainty exists as to (a) the true spectral dis- 
tribution of this “line” and (b) the exact value of 
the wave-length or energy to be associated with it 
or with some of its more well defined features. 
There seems little doubt, in the ideal case of a pair 
recombination in free space where the two members 
have negligible initial kinetic energy, that a process 
should occur in which the pair disappears and two 
identical photons are emitted in opposite directions, 
each having exactly the quantum energy moc? and 


* Assisted by the joint program of the ONR and the AEC. 
** Now at Temple University, Philadelphia, Pennsylvania. 


hence the wave-length \,=h/(moc) since, if electrons 
and positrons have identical masses, any other 
result would violate the principles of equivalence of 
mass and energy and of conservation of energy and 
momentum. 

Such an ideal case, however, never occurs experi- 
mentally. The possible departures from the ideal 
case may be described as follows: (i) In a reference 
system fixed to the center of mass, recombination 
of the pair may occur with a small residue of 
kinetic energy associated with the particles. For 
such'cases the quantum energy of the radiation will 
be a little greater than moc? in the center of mass 
system. Since the positions of the two members of a 
recombining pair must coincide, their potential 
energies are of opposite sign and equal magnitude. 
Therefore, the potential energies of the particles, do 
not affect the total energy of the two annihilation 
radiation quanta. 

(ii) According to calculations by Heitler! the 
probability of annihilation of a positron while in 
rapid motion in the copper block is very small 
indeed. The initial kinetic energy of the positrons 
from Cu® is 0.66 Mev and according to Heitler’s 
calculations less than two percent of all positrons 
will be annihilated before they have lost their 
initial kinetic energy (by imparting it chiefly in 
very small quanta through large parameter ‘‘ine- 
lastic collisions’ with the electrons of the copper). 


1W. Heitler, Quantum rye Z pedi (Oxford Uni- 
versity Press, London, 1944), p 
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The remainder, 98 percent, come safely to the ends 
of their ranges where they are stopped entirely save 
for the random motion of thermal agitation which 
they share with the copper lattice structure. They 
are then eventually annihilated, their mean life- 
times? in copper being about 0.55 X 10-?° second. If 
this picture is correct, we see that the positrons, 
most of which eventually have very low velocities 
and hence become virtually stationary targets, 
might perhaps be annihilated by recombination 
with electrons belonging to any of the different 
energy levels of the copper (K, ZL, M, or conduction 
electrons). The center of mass of such a recombining 
pair may thus have a considerable velocity in 
random directions relative to the laboratory coor- 
dinates. One would thus be led to expect that the 
structure of the annihilation line would exhibit, in 
the laboratory coordinates, a series of marked 
Doppler broadenings of quite different: orders of 
magnitude for each class of electrons in copper. 
Thus one might expect to find a sharp core in the 
line with a breadth appropriate to the speeds of the 
conduction electrons superposed on several very 
much broader and more diffuse distributions 
ascribable to recombination with M, L, and K 
electrons. These broader distributions might exhibit 
some shift of their centers toward longer wave- 
lengths away from the value h/(moc) because of 
the various kinetic energies of the negative members 
of the recombining pairs. A rather strong argument, 
however, against annihilation of positrons by elec- 
trons such as those of the K and L shells is that 
positrons of thermal energies would have very little 
chance of approaching sufficiently close to the 
nuclei because of the repulsion of the nuclear 
charge. The experimental investigation of the 
spectral structure of the annihilation radiation is, 
therefore, of considerable interest. 

There is a good reason to expect that the shift in 
the wave-length of the “line” from recombination 
at finite relative velocity in the center-of-mass 
system will be a second-order effect as compared to 
the Doppler broadening just referred to. In fact, if 
in the laboratory coordinates we assume the posi- 
trons to be stationary and denote the speed of a 
class of electrons with which they recombine by 
v=Bc and if the half-breadth of the line from 
Doppler broadening is AX, the shift 5\ of the center 
of the line will be given by 


— 6\/AS(AA/A)? = 36? (1) 


to a non-relativistic approximation. Thus, the 
square of the relative breadth of the observed ‘“‘line”’ 
may be taken as a rough measure of its relative 
reliability for the determination of \.=h/(moc). 
To summarize then, we cannot in the experi- 
mental case expect the annihilation ‘‘line”’ to be (a) 


2 See reference 1, pp. 204-208. 


perfectly simple, sharp, and narrow and (b) exactly 
equal in wave-length to the ideal value, 2/(moc). 
Though it seems likely that the line should have an 
intense core in which these departures from the 
ideal case are small, the annihilation mechanism is 
so complex in the real case that an experimental 
investigation is desirable. 


THE FOCUSING CURVED QUARTZ CRYSTAL 
SPECTROMETER 


A description of the 2-meter focusing curved 
quartz crystal spectrometer in its earlier stages of 
development has been given in a previous article’ 
and we shall give here only those features essential 
to an understanding of its somewhat novel‘ appli- 
cation to the present experiment. The diffracting 
crystal consists of an optically flat lamina of quartz 
1 mm thick and 70 mm high by 50 mm wide cut 
from a very perfect crystal specimen in such a way 
that the (310) planes of the crystal are normal to 
the flat face of the lamina. This quartz plate is 
clamped between two hardened stainless steel 
blocks so that it is in optical contact with the 
accurately profiled convex cylindrical surface of 
one of them, a rubber gasket being placed between 
the quartz plate and the concave cylindrical steel 
surface of the other block to facilitate this. The 
blocks are provided with windows (traversed by 


ribs) through which the radiation can pass. By 
special shop methods previously described® it has 


Fic. 1. Geometry of focusing curved crystal spectrometer of 
the transmission type. R and V are the real and virtual foci, 
6 is the Bragg angle, and £ is the point at which the reflecting 
atomic planes of the crystal lamina would converge if pro- 
duced. The crystal, at C, with initially optically flat faces is 
curved in a precision profiled clamp to a radius equal to the 
diameter of the focal circle shown here. 


3J. W. M. DuMond, “A high resolving power, curved 
crystal focusing spectrometer for short wave-length x-ray and 
gamma-rays,” Rev. Sci. Inst. 18, 626 (1947). 

4In the study of the 0.41-Mev line from Au'** [DuMond, 
Lind, and Watson, Phys. Rev. 73, 1392 (1948) ] this instru- 
ment was used in the same way but no description of the 
method was given in that report. ~~ 

5’ DuMond, Lind, and Cohen, “A precision method of 
generating circular cylindrical surfaces of large radius of 
curvature for use in the curved crystal spectrometer,” Rev. 
Sci. Inst. 18, 617 (1947). 
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Fic. 2. Schematic plan view of focusing curved crystal 
gamma-ray spectrometer with the source at the focus and 
arranged so as to maintain the selectively reflected beam 
stationary as the wave-length scale is explored. The Bragg 
angle, @, is here greatly exaggerated. A is the lead collimator 
which stops the transmitted beam and transmits only the 
reflected beam. G is the multicellular Geiger counter. C is the 
curved crystal, mounted on a support which is rigidly attached 
to the beam CB’. R is the shielded source at the focus of the 
curved crystal. Z and Q are screw driven carriages and T is 
a track swivelling at V’. These last impart the appropriate 
motions to arms CR’ and CB’ so that wave-lengths can be 
read directly on a drum at D. The full and dotted lines show, 
respectively, the positions for measuring reflections to left 
and to right of the (310) planes of the curved crystal. 


been found possible to profile the convex cylindrical 
steel surface to a radius of 2 meters so accurately 
that the crystal will focus x-rays of a specified wave- 
length to one and the same point to within about 
0.06 mm anywhere on the focal circle from all parts 
of the crystal window. This window is 45 mm wide 
and 33 mm high and has a net free opening of about 
13 cm? (after deduction of the ribs). The simple 
geometry of the transmission type focusing curved 
crystal spectrometer with its focal circle and its 
foci, one real and one virtual, is shown in Fig. 1 and 
explained in the caption. 

The present instrument was purposely designed 
with the idea in view of establishing a precision 
linkage between the scales of x-ray and nuclear 
gamma-ray wave-lengths. To this end it was 
designed so that the wave-length scale is explored 
by a carriage driven by a precision screw, the travel 
being linearly related to the wave-length to a high 
degree of accuracy. In the present instrument the 
scale covers a range of wave-lengths from 500 x.u. 
to about 8 x.u., and one turn of the screw cor- 
responds closely to 1 x.u. The instrument is so 
designed that the wave-length scale can be explored 
right through the point, \=0, so as to permit 


measurements of reflections in the first order from 
both sides of the (310) planes. 

It is clear from Fig. 1 that the transmission type 
curved crystal spectrometer, which is the type 
appropriate to the study of short wave-lengths, has 
only one real facus. Now it can be shown‘ that there 
is a great gain in intensity at a specified wave-length 
setting if the source is placed at this real focus. 
Nevertheless, in all other applications of this type 
of instrument up to the present, a more-or-less 
extended source has always been placed om the 
convex side of the crystal (away from the focus). 
The spectrum has then been studied either by 
placing a photographic film or plate on the focal 
circle or by moving a slit along the focal circle 
behind which some intensity measuring device such 
as an ion chamber or a counter was located. In the 
present application, the instrument is used in a 
radically different way with the source in concen- 
trated form placed at the focus of the crystal. The 
wave-length scale is explored by moving this 
source along the focal circle while simultaneously 
measuring the intensity of the beam reflected by 
the crystal. Figure 2 shows schematically the ar- 
rangement for doing this while Fig. 3 isa perspective 
sketch of the instrument to clarify somewhat the 
actual construction. Corresponding features have 
the same reference letters in both figures. The 
divergent y-ray beam coming from the source at R, 
after reflection at the crystal planes (at C), enters 
the lead collimator A «and passes through it to the 
multicellular counter G where its intensity is 
measured. The purpose of the collimator is solely 
to stop the y-ray beam directly transmitted through 
the crystal and to permit only the beam reflected by 
the crystal planes to reach the counter. The grating 
constant of the (310) planes of quartz is 1177.6 x.u. 
and the Bragg angle for the 0.510-Mev annihilation 
radiation (of wave-length about 24 x.u.) is therefore 
only about 34 minutes of arc. This means that the 
transmitted and reflected beams differ in direction 
by only slightly more than one degree. The present 
collimator. is easily capable of discriminating be- 
tween these and, in fact, its geometry is such that 
the direct beam only starts leaking through to the 
counter (by direct transmission) at settings as low 
as 7 or 8 x.u. The direct beam, which is far more 
intense than the reflected beam, does, however, 
give an increasingly intense background by scat- 
tering from the partititions of the collimator at the 
smaller Bragg angles. It should be emphasized that 
the collimator has nothing whatever to do with the 
spectral resolving power of the spectrometer. The 


6 In a paper now in preparation on the reflecting power of 
the (310) planes of quartz over a wide range of wave-lengths, 
it is shown that a gain of 730-fold is obtained in the present 
instrument when the source is placed at the focus as compared 
to the conventional arrangement. 
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latter is determined solely by the excellence of focus 
of the curved crystal and the narrowness of the 
source on the focal circle. 

Since the collimator and the heavily shielded 
counter are by far the least mobile parts of the 
apparatus, the instrument is designed so that it is 
these which remain stationary. In the exploration 
of the spectrum both the crystal at C and the source 
at R on the focal circle move in such a way as to 
maintain the direction of the outgoing reflected 
beam constant and rigorously aligned with the 
collimator channels. The focal circle (dotted in 
Fig. 2) also rotates, as it should, in unison with the 
rotation of the crystal. The focal circle is swept 
out by a radius bar OR pivoted at O and linked to 
the source R. This latter is contained in a heavy 
spherical lead shield which is free to travel a short 
distance on ball bearing ways longitudinally along 
the beam CR’. The two major instrument beams, 
CR’ and CB’, each pivot independently about C. 
The lower beam CB’ which carries the defining 
pivot O of the focal circle, has at C a vertical axle 
rigidly coupled to it which passes up through the 
pivot: of the upper beam CR’ and carries on its 
upper end the table on which the focusing crystal 
is mounted. Thus the focal circle, the focusing 
crystal, and the beam CB’ form one rigid (though 
mobile) system of reference and the beam CR’ which 
carries the source at R (constrained always to lie 
on the focal circle by the radius bar OR) forms an 
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independent system. As the spectrum is explored, 
the upper beam CR’ moves at twice the angular 
velocity of the lower beam CB’ so as to maintain 
the direction of the reflected radiation invariable. 
This is accomplished by the system of a pivoted 
track T and two carriages Q and L situated one on 
top of the other. The long carriage Q contains two 
precision right-hand screws, one directly above the 
other, geared to turn at equal rates in opposite 
senses. ‘The lower screw drives the carriage Q along 
the track T by means of a nut situated above the 
pivot V’ of track T. The upper screw drives the 
smaller carriage L relative to Q by means of a nut 
situated below the pivot R’. The radial distances 
CR’ and CV’ are at all times equal and constant and 
the center of the lower beam CB’ therefore forms 
the variable altitude of an isosceles triangle CR’ V’. 
A cylindrical steel shaft terminating the beam CB’ 
passes through two ball bearing slides on either side 
of the carriage Q so as to permit the change in the 
length CB. Thus, the point B (on the center line 
of beam CB’) remains always exactly midway 
between R’ and V’. The center point of travel of 
the carriages where the points, R’, B, and V’ are 
in the same vertical line is the point of zero wave- 
length setting. This geometry is clearly such that 
the travel of the upper screw, which determines the 
distance BL, is proportional to the sine of the 
Bragg angle @ so that rotation of this screw as read 
on the drum D gives a strictly linear scale of wave- 
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Fic. 3. Perspective line drawing of curved crystal gamma-ray spectrometer. A rough idea of 
the scale can be formed by recalling that the source (in its shielded holder) at R is two meters 
distant from the curved crystal at C. A is the lead collimator in its steel supporting sheath. 
G is the heavy lead shielding surrounding the multicellular Geiger counter. R is the shielded 
source mounted on the sliding carriage which is maintained on the focal circle by the radius bar 
pivoted at 0 on the lower beam. The crystal table at Cis rigidly connected to the lower beam by an 
axle while the upper beam turns freely and independently of these on a cone bearing on this axle. 
Its weight is supported by ball thrust bearings. Where corresponding parts or points are 
designated the same letters are used in Figs. 2 and 3. The instrument is here shown at one 
extreme of its travel corresponding to the position for a setting of about 500 x.u. The wave- 
length drum D, the revolution counter, and the motor driving the two precision screws can be 
seen at the end of carriage Q. 





1230 


lengths.’ It is also clear how precision wave-length 
settings on the same screw can be made for reflec- 
tions from either side of the atomic planes in the 
quartz crystal. The positions in which two such 
settings might be made are shown schematically by 
the dotted and full lines, respectively, in Fig. 2. In 
this figure the Bragg angle is, of course, greatly 
exaggerated. 

The all-important multicellular Geiger counter in 
a somewhat earlier form has been described® pre- 
viously. For the present application, where one of 
the chief difficulties was the low available intensity 
of the annihilation radiation, the number of cells 
of the counter was increased to nine (ten lead septa 
with nine intervening four-pronged tungsten wire 
spiders as anodes) and with this arrangement an 
efficiency of 25 percent was obtained for the radi- 
ation from a standard radium source. By this we 
mean that 25 percent of all photons entering the 
front window of the counter actually produce 
recorded counts. In spite of the large number of 
cells it was found possible to obtain as over-all 
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LEAD SLIT JAWS 


Fic. 4. To illustrate the geometry of the Cu® source. This 
is a horizontal section through the spherical lead source 
holder R of Fig. 3 which consists of three parts, an upper and 
a lower lead that ost and a lead “waistline” 1.5 inches 
thick provided with a slot in which the source holder proper 
is located. This source holder consists of two carefully machined 
lead half jaws contained in brass stiffening sheaths. The strip 
of activated copper 1.0 mm by 10 mm by 30 mm is held in a 
cavity provided in these jaws and the annihilation radiation 
issues through a slit opening 0.1 mm wide between the tapering 
surfaces of the two lead jaws. The narrowest point of these 
lead jaws is centered exactly on the focal circle of the instru- 
ment by means of a pivot and socket underneath the source 
holder. The source holder stands on a small rotating table 
which permits exact centering of the jaws on the focal circle. 


7 It can be shown that no correction for the refractive index 
of x-rays in quartz is needed in this transmission case. 

8 See Jesse W. M. DuMond, Rev. Sci. Inst. 18, 637 (1947). 
A considerable number of improvements have been made 
since this appeared and these are described in a forthcoming 


paper. 
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characteristics of the device a counter threshold of 
1050 volts and a flat plateau 100 volts wide. The 
counter occupies a brass cylinder 3.25 inches in 
inside diameter by 7 inches long. One of the ad- 
vantages of this type of gamma-ray detector for the 
present application is that it is able to integrate a 
large fraction of the total intensity associated with 
a gamma-ray beam of rather large cross sections and 
considerable penetrating power, a property which 
would be difficult to obtain with scintillation 
counters or crystal counters in their present state 
of development. The counter is protected (a) from 
local stray radiation with 3-inch thick lead shields 
and (b) from penetrating cosmic-ray particles by 
means of six conventional cylindrical G-M counters 
which completely cover the top semicylinder of the 
multicellular counter and are connected in antico- 
incidence with it. These anticoincidence counters 
reduce the natural background to about half the 
value it otherwise would have. 


CALIBRATION OF THE SPECTROMETER 
WAVE-LENGTH SCALE 


In a paper? now in press a more detailed de- 
scription is given of the methods used for the 
precision calibration of the wave-length scale of 
the 2-meter instrument. The wave-lengths of the 
Kay, line of tungsten and of the Ka, line of molyb- 
denum were first measured with great care using a 
precision two-crystal spectrometer to obtain their 
exact ratio with all pogsible precision. The Ka, line 
of molybdenum has received such careful attention 
in many precision x-ray measurements that it may 
well be taken as the standard for the conventional 
Siegbahn scale of x-ray wave-lengths and, since the 
ratio of this scale to the angstrom unit is now well 
established by the many well-known and beautiful 
precision measurements of x-rays with gratings by 
J. A. Bearden and others, this entire procedure 
essentially establishes the wave-length of tungsten 
Ka, in angstroms or centimeters to a precision of 
about +0.0110-" cm. By measurements of the 
tungsten K spectrum with the 2-meter focusing 
spectrometer it is thus possible to establish the 
multiplying factor which must be applied to the 
nominal wave-lengths in x units given by the drum 
and precision screw of the instrument to convert 
them to true absolute units. This multiplying factor 
turned out to be 1.00023. The wave-lengths of all 
of the K spectrum lines, seven in all, and of the K 
absorption edge were measured in this way with 
the 2-meter instrument. These results when com- 
pared with the very careful work! of E. Ingelstam 
by a photographic method agree very satisfactorily, 

* Watson, West, Lind, and DuMond, “‘A precision study of 
the tungsten K-spectrum using the 2-meter focusing curved 
crystal spectrometer,’’ Phys. Rev. 75, 505 (1949). 


1” E. Ingelstam, Arkiv. f. Mat. Astro. O. Fys. 27B, No. 4 
(1939). ; 
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Fic. 5. Spectral curves of the annihilation radiation as reflected to left and to right of the (310) planes of quartz. These curves 
have been corrected for the decay of the source during the time of each run as explained in the text but the background from 
scattering of the direct beam in the collimator has not been subtracted. The ordinates of all three curves refer to the same 
zero at the bottom of the chart. To save space many background observations taken at considerable distance from the lines (for 
the purpose of establishing the background profile with greater certainty) are here omitted. The zero of the wave-length drum 
scale is not exactly centered on the point of zero wave-length of the instrument so that the wave-length determinations are 
calculated by taking half the difference between the right- and left-hand readings. 


thus lending added confidence in their reliability. 
The linearity of the screw has been checked by 
comparison with an N.B.S. calibrated glass scale 
and a 100-power microscope over the entire range 
of travel between the first-order tungsten K spectra 
as reflected from both sides of the crystal planes, 
thus covering the entire range used in the study of 
nuclear gamma-radiation. _ 


THE SOURCE OF ANNIHILATION RADIATION 


The problem of obtaining a source of annihilation 
radiation of sufficient intensity for this spectral 
study was difficult for several reasons. Our studies® 
have shown that the reflecting power of the (310) 
planes of quartz falls off much more rapidly with 
decreasing wave-length than wasat first anticipated. 
Our previous measurements indicated that roughly 
only about 0.2 percent of the annihilation radiation 
of wave-length 24 x.u. incident on the (310) planes 
of the quartz lamina would be reflected. As a 
source material 12.8-hr. Cu® activated by neutron 


bombardment of a block of ordinary copper in a 
pile was chosen as most practical. There are, how- 
ever, three competing processes whereby the Cu 
nucleus may decay, in only one of which a positron 
is emitted. Roughly, 40 percent of all disintegra- 
tions go to Zn™ with emission of 6-. Of the remainder 
about two-thirds go to Ni* by K capture and one- 
third by 6+ emission. Thus, only about 20 percent 
of all disintegrations result in positrons. The 0.66- 
Mev positrons have a range of roughly 0.3 mm in 
copper and, as we have indicated in our intro- 
duction, the great bulk of them are probably not 
annihilated until after they have gone to the ends 
of their ranges. Because of the serious problem of 
getting enough intensity, it was therefore decided 
to work with a rather massive source of copper of 
dimensions 1 mm thick (in the direction of dis- 
persion of the instrument) by 30 mm high by 10 mm 
deep and to delimit the effective size of the source 
on the focal circle by placing it behind a narrow 
lead slit with very thick jaws as shown in Fig. 4. At 
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TABLE I. Wave-length determination of annihilation radia- 
tion from Cu®. Grand average value of observed annihilation 
radiation wave-length before correction 24.227 +0.0025 ; anni- 
hilation radiation wave-length after correction for instrument 
constant and for A,/As= 1.002030, A. =0.024271+0.0000025A. 








Line centers by “‘tangent intersec- 


Line centers by ‘“‘median point” 5 
tion’’ method 





Inter-  Inter- 





Run Center Center Average sec. sec. Tangent Average 
no. left right Diff. .forrun left right for run 
1 76.775 25.228 48.453 48.453 76.815 25.269 48.454 48.454 
2 76.778 25.214 48.436 48.436 76.806 25.254 48.448 48.456 
76.775 25.212 48.437 48.436 76.795 25.260 48.465 48.456 
76.770 25.225 48.455 48.455 76.797 25.256 48.459 48.459 
76.762 25.223 48.461 48.464 76.775 25.254 48.479 48.474 
76.755 25.221 48.466 48.464 76.772 25.240 48.468 48.474 
77.200 25.652 48.452 48.452 77.203 25.652 48.449 48.454 
77.199 25.646 48.447 48.452 77.199 25.662 48.463 48.454 
77.199 25.656 48.457 48.452 77.201 25.650 48.449 48.454 

77.199 25.622 48.423 48.423* 77.197 25.620 48.423 48.423* 
77.200 25.664 48.464 48.465 77.201 25.656 48.455 48.458 
77.199 25.665 48.466 48.465 77.201 25.661 48.460 48.458 


Average by “tangent intersec- 


Average by “‘median point’’ method 
tion’’ method 48.456 +0.005 


48.452 +0.005 








* This starred observation received only half weight. 


the narrowest point where these jaws nearly met 
(on the focal circle) their separation was 0.1 mm 
and the long slim wedge-shaped opening between 
them defined the angular width of the gamma-ray 
beam which fell on the curved crystal two meters 
away. By this arrangement, the central portion of 
the copper slab directly behind the slit is the part 
in which annihilation is occurring’ most intensely, 
since it receives positrons from activated copper 
nuclei on both sides out to a distance equal to the 
maximum positron range. It is no more expensive 
to activate a thick block of copper than a thin one 
since the price is based on time in the pile rather 
than final activity or source strength. We calculated 
that approximately a threefold gain in radiant 
intensity was obtained with the present geometry 
by this device of a thick source behind a thin slit 
as compared with a thin source of the same thick- 
ness as the present slit. The disadvantage of this 
method is that it introduces some slight uncertainty 
as regards source width because of penetration of 
the radiation through the jaws of the slit. This is a 
disadvantage, however, only in analyzing the 
breadth of the annihilation line. It introduces no 
appreciable uncertainty in the wave-length mea- 
surement. 

The source at the beginning of the experiment 
had a strength of 2.5 curies equivalent. We are 
much indebted to the Atomic Energy Commission 
for special permission to have this source irradiated 
at very high neutron flux level without which the 
present experiment would have been difficult to 
perform. 


EXPERIMENTAL OBSERVATIONS AND 
RESULTS 


Seven independent spectral curves were made, 
each giving the annihilation line as reflected both 
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to left and to right of the (310) planes of the quartz 
crystal. At the end of these seven runs the source 
had decayed below a level where further reliable 
work could profitably be continued. Figure 5 shows 
a typical sample of these spectral curves. The ab- 
scissa scale is in nominal x.u. as read on the drum 
and vernier of the precision wave-length screw and 
a large gap in the wave-length scale is omitted 
between the lines to permit plotting them in 
reasonable compass. They would be about 8 times 
as far apart as here shown if the scale were plotted 
in its entirety. The true zero of the wave-length 
scale is slightly displaced from the nominal zero 
which accounts for the slight inequality in the 
numerical values at which the annihilation lines 
occur to left and to right. In each case the wave- 
length is computed by taking half the difference 
between the right- and left-hand positions. 

The ordinate scale gives the actual number of 
counts observed for each plotted point multiplied 
by a correction factor for the decay of the source 
during the course of the run. This factor starts with 
the value unity at the beginning of each run (left- 
hand side of each of the curves) and increases from 
this value exponentially with the time at which each 
observation was made. In order to make this decay 
correction properly it must, of course, only be 
applied to that portion of each counter reading 
which is due to the presence of the Cu® source 
(after subtraction of the constant natural back- 
ground from cosmic gays and local radioactivity) 
and this was the procedure followed. The vertical 
stroke at each observed point in Fig. 5 is indicative 
of the statistical uncertainty of each observation 
and this was computed as the square root of the 
actual total number of counts observed for the point 
before subtraction of the above-mentioned natural 
background or correction for source decay. This uncer- 
tainty was then multiplied by the decay factor so 
as to plot it to appropriate scale. 

Table I gives the results of all seven independent 
spectral curves. Two methods of locating the posi- 
tions of the centers of the annihilation lines were 
used in Table I labeled ‘median point’? and 
“tangent intersection,” respectively. In the former 
method the center was taken at the midpoint of a 
horizontal line drawn across the width of the 
annihilation profile. In the latter, tangents to the 
profile at its steepest points on either side were 
projected upward until they intersected. This point 
of intersection was taken as defining the midpoint. 
In applying the median point method the height 
of the horizontal line to be bisected was always 
taken at half the height of the intersection point of 
the two steepest tangents above referred to. The 
lines, as can be seen in Fig. 5, are superposed upon 
a sloping background. As explained under our 
general description of the instrument, we believe 
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this background comes chiefly from the primary 
undeviated beam transmitted without reflection in 
the crystal and then scattered on the partitions of 
the collimator into the counter. The rapid increase 
in this scattered intensity with diminishing scat- 
tering angle accounts for the rising slope of this 
background in the direction of diminishing wave- 
length. We have tried locating the centers of our 
annihilation lines (by the two methods already 
described) both with and without subtraction of this 
sloping background. In Table I the first row of 
figures in each numbered run gives the results 
before subtracting the sloping background and, 
when other rows of figures for a run appear below 
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the first, these represent repeated independent de- 
terminations after subtracting the sloping collimator 
background. Ideally the method in which the back- 
ground is subtracted is the correct one but, in 
practice, since the results by the two methods 
hardly differ significantly at all and since the more 
elaborate procedure perhaps introduces as much 
error through the additional manipulations as it 
corrects, we have attached equal weights to the 
two types of result and have averaged both. Only 
one-half the weight of the other runs has been 
given to run 6 because in this instance a consider- 
able interruption occured between the observation 
of the left-hand and right-hand line profiles, thus 
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Fic. 6. Isometric consistency chart showing the consistency of th 
of the function h/mo compared with nine other independent types o 
and h. The functions compared are numbered on the chart as follows: 2. 
3. Atomic mass of electron by spectroscopy (Ha and Da; Ru 
fractive index of diamond. 5. e/m by direct deflection methods. 
7. Christy and Keller's evaluation of a. 8. Von Friesen’s h/(em)}. 
annihilation radiation measurement of Compton wave-length. The of tl 
recommended least squares adjusted best value. The axes of this ellipse are indicat 


-0.5% 


“0.1 “02 -03 -0.4 
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e present annihilation radiation wave-length determination 
f determination of functions of the natural constants e, m, 
Faraday constant (average of Ag and I voltameters). 
and Rye). 4. e?/m from Bearden’s measurement of the x-ray re- 
6. h/e Panofsky, Green, and DuMond, continuous re | limit. 

9. Gnan’s h/m. 10. Robinson and co-workers e?/(mh). 11.. 
The center of the small white ellipse of probable error gives our 
ed with arrows. This cut, save for the addition 
r knowledge of the atomic constants F, N, 


of measurement 11, is in all respects identical to Fig. 9, page 103, of the article “Ou ‘ 
m, and h in 1947 and of other constants derivable therefrom,” (Rev. Mod. Phys. 20, 82, 1948) and the reader is referred there 


for further explanatory details. 
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Fic. 7. Composite mean profile of the annihilation line ob- 
tained by the superposition of all available curves. Where 
points fall on the same ordinate an average has been taken. 
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introducing a considerably greater decay correction 
than in the other cases. 

The final value after making correction for the 
instrumental screw constant and for the conversion 
from Siegbahn wave-lengths to absolute c.g.s. units 


is 
Ae =h/ (moc) = 0.024271 +0.000010A. 


In giving the probable error of this final value we 
have arbitrarily multiplied the root-mean-square 
deviation from the mean from Table I by a factor 
4 to take care of any possible unsuspected sys- 
tematic instrumental errors. The assigned uncer- 
tainty +0.000010A corresponds to a motion of the 
upper carriage L in Figs. 2 and 3 of 0.01 mm. 
This value of X, is in satisfactory agreement with 
the 1947 least squares adjusted best value from a 
wide variety of sources of information recently 
obtained by DuMond and Cohen," namely, 


Ae = 0.0242650+0.0000025A. 


The present measurement thus adds another 
‘important confirming datum to the above-men- 
tioned least squares fitting with all of its conse- 
quent results regarding the numerical values of the 
atomic constants.” 


11 Jesse W. M. DuMond and E. Richard Cohen, “our 
knowledge of the atomic constants F, N, m and h in 1947, and 
of other constants derivable therefrom,” Rev. Mod. Phys. 
20, 106 (1948). ; 

1 We purposely refrain from giving in the present article 
numerical values such as the rest energy, moc*, in ergs or in 
electron volts (moc*/e) as consequences of the present measure- 
ment, for in order to do this we would be obliged to combine 
our present observation, which can strictly be regarded only as a 
measurement of \.=h/(moc), with one or more other independent 
observations of the atomic constants or functions thereof. 
Suppose we consider how the rest energy in electron volts 
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To give a clearer idea of the satisfactory nature 
of this agreement we show in Fig. 6 the same iso. 
metric consistency chart which appeared as Fig. 9 
of the above-mentioned article," to which has been 
added (as a heavy black line) the present newly 
obtained datum. The width of this line indicates the 
assigned probable error of the present experimental 
observation. 

The present measurement of \, is in remarkable 
agreement with the results of J. A. Bearden’s deter. 
mination of the x-ray refractive index of diamond 
(when the latter is combined with the experimental 
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Fic. 8. The calculated source function curve coming from 
the combined effects of the finite opening of the lead slit jaws 
and the penetration of the annihilation radiation through 
their edges. The curving approaches are due to the penetra- 
tion of the radiation through the edges of jaws. The differing 
obliquities of the rays in the different collimator slots are 
taken into account in the calculation. 





might be computed utilizing the present result. There are 
some six types of combination suitable for this purpose, one 
of which, for example, would be to combine a measurement of 
h/e with the present measurement of h/mo (c being regarded 
as a fixed constant because of the superior accuracy. with 
which it is known) so as to eliminate h and give e/m. Then, 
moc*/e would yield the desired rest-mass energy in electron 
volts. Another one of these ways would be to combine a value 
of e?/(moh) (from Robinson’s work on the Hp of photo-electrons 
with magnetic fields) with the present measurement of h/m 
to give [e?/(moh) ]-h/mo=e?/mo? from which mgc?/e dan be 

irectly computed. Any one of the types of determination not 
parallel to (4) in Fig. 6 can, in fact, be so combined with the 
present measurement. The point is that no two of these 
methods would give exactly concordant results (although the 
discords would not be great) and the choice of one method to 
the exclusion of the others would be completely arbitrary. We 
believe, therefore, the only acceptable procedure would be to 
include the present measurement in a complete new least-squares 
solution like the one referred to in reference 11. Now the 
present measurement is in such good accord with the latter, 
as is evident from Fig. 6 ,that in view of its probable error we 
feel safe in predicting that such a procedure would not 
modify the 1947 least squares adjusted values in any sig- 
nificant degree. We still recommend, therefore, 0.51079 
+0.00006 Mev as the best present value of the electron rest 
energy. 
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PRECISION MEASUREMENT ON ANNIHILATION RADIATION 


value of the Rydberg), as can be clearly seen in 
Fig. 6. 

The present result also furnishes new and inde- 
pendent evidence favorable to a higher value of the 
Faraday." In Fig. 6 it is clear that three excellent 
determinations of independent functions of the 
atomic constants, namely, 3, the atomic mass of the 
electron by spectroscopy (Ha and Da; Rx and 
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Fic. 9. The curve descriptive of the geometrical aberrations 
of focus of the curved quartz crystal. This curve has been 
determined from the observed line profiles of the 0.41-Mev 
line from Au!’ in the way explained in the text. be 

18 Two independent types of direct precision determination 
of the Faraday have been made (one with the iodine, the 
other with the silver voltameter), and it is well known that 
these disagree by considerably more than the estimated 
probable error of either one, the silver value being the lower 
of the two. G. W. Vinal and L. H. Brickwedde of the U. S. 
National Bureau of Standards in a recent communication have 
given results on the iodine and silver determinations in which 
the difference (13 parts in 105) is estimated to be three or 
four times the average deviation of a single observation in 
either the iodine or silver experiments and is uncomfortably 
large even when the uncertainties in the atomic weights of 
iodine and silver are taken into account. Vinal and Brickwedde 
adopt the arithmetic average of the iodine and silver experi- 
ments with equal weights. For a long while R. T. Birge at- 
tached considerably greater weight to the silver value of the 
Faraday, but since his 1941 review of the general physical 
constants he has adopted a weighted average value which is 
very close to that of Vinal and Brickwedde. As DuMond and 
Cohen point out in their (1947) paper (reference i1), all the 
experimental work on the Faraday was done before the dis- 
covery of isotopes and there may be some error introduced 
(perhaps by selective deposition) in the case of silver which in 
nature consists of two nearly equally abundant isotopic con- 
stituents. Iodine, on the contrary, is isotopically homogeneous. 
H. Urey and other experts in the field, however, tend to con- 
sider this suggested source of error as unlikely to be the 
correct explanation of the discrepancy. As Vinal and Brick- 
wedde point out, the two types of Faraday determination are 
subject to quite different kinds of errors and one, therefore, 
furnishes a most valuable check on the other. When the 
principal work on the silver voltameter was done, the em- 
phasis was placed on perfecting the voltameter as a primary 
standard for the international ampere. The emphasis was on 
reproducibility rather than on the absolute significance of the 
results for the determination of the Faraday. It would seem, 
therefore, most desirable that new voltameter measurements 
having for their primary object the redetermination of the 
Faraday should be made with the better facilities now available 
both for chemical and electrical measurements. 
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Fic. 10. The gamma-ray spectrometer “window” curve. 
This is the curve obtained by folding the profiles of Figs. 8 
and 9 together. It may be regarded as the “‘tool”’ or “‘window”’ 
with which the instrument explores the spectrum. 


Rue), 4, e?/m from Bearden’s measurement of the 
x-ray refractive index of diamond and, 5, e/m by 
direct deflection methods all tend to agree on a 
diagram point which calls for a higher value of 
‘‘e,”” by from one to three parts in 10‘ than that 
plotted. Now the value of ‘‘e,’”’ plotted in Fig. 6 as 
determination 2, is the direct result of averaging 
the silver and iodine values of the Faraday. If the 
silver value were abandoned and the iodine value 
adopted as the correct one, this would go a long 
way toward establishing a very perfect con- 
sistency between the four best determinations on 
the chart. Therefore, it is very interesting that we 
now have a fifth entirely independent piece of 
evidence, the present annihilation radiation deter- 
mination, which also supports this shift toward the 
higher Faraday (see note at end of article). 

The spectral profiles of the annihilation line 
appear to be significantly broader than a careful 
analysis of all instrumental sources of broadening 
will alone account for. It seemed worth while, 
therefore, to try to separate from the observed line 
structure the influence of the various instrumental 
causes of broadening so as to get an approximate 
idea of the “natural” breadth of the line. Since, 
unfortunately, the excess broadening and the 
instrumental broadening are of the same order of 
magnitude and the observational uncertainty of 
the profile is also far from negligible on this scale, 
no very great accuracy can be claimed for this 
process and we, therefore, did not feel warranted 
in applying very elaborate analytical methods to 
resolve the natural structure. 

In order to obtain as much precision in the shape 
of the observed line profile as was available, all of 
the individual line profiles were superposed and 
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averaged so as to obtain a composite mean profile. 
This is shown in Fig. 7. An instrumental ‘window 
curve” was then prepared by taking into account 
all of the known instrumental causes of broadening. 
These are (i) the geometric slit width as defined by 
the lead slit jaws, (ii) the effect of absorption in the 
edges of the lead jaws, and (iii) the effect of imper- 
fect focusing of the curved crystal from geometric 
aberration. In determining (ii), which is far from 
negligible, the different obliquities at the slit of the 
rays defined by each active slot in the lead col- 
limator was taken in account, together with the 
relative importance of each of these rays as deter- 
mined by previous measurements using one slot at 
a time. The combined effects of (i) and (ii) lead to 
a curve (in which the effect of absorption at the slit 
edges is clearly visible) which we may call the 
source function, pictured in Fig. 8. The fold of this 
curve into the curve descriptive of the imperfect 
focusing of the crystal (Fig. 9) gives the complete 
instrumental ‘‘window”’ curve shown in Fig. 10. 
The rather irregular looking curve of Fig. 9 was 
determined by means of earlier measurements‘ 
made on the 0.41-Mev line from Au'® on the 
assumption that the ‘‘natural spectral width” of the 
latter line is completely negligible for our purposes. 
Partly from a knowledge of the aberrations of focus 
and partly by trial and error, the curve of Fig. 9 
was given such a shape that when folded whto a 
rectangular distribution 0.13 x.u. wide (chosen to 
represent the geometry of the Au!®* source) it would 
yield the composite line profile actually obtained 
from the average of all of the Au!** measurements. 
This curve of Fig. 9 is also not inconsistent with a 
still earlier exploration of the geometrical aberra- 
tions of focus of the curved crystal made by using 
tungsten Ka, x-radiation and making repeated 
observations of the position and intensity of the 
WKa, line utilizing separately each one of six of 
the collimator slots. In this last case the x-ray tube 
was placed on the upper beam CR’ of Fig. 3 anda 
very fine slit was substituted for the source and 
placed exactly on the focal circle inside the spherical 
lead source bomb. Figure 11 shows the information 


Fic. 11. Ray diagram made with tungsten Ka; radiation 
to test the aberrations of focus of the curved crystal. Each of 
the seven numbered rays corresponds to a collimator slot. The ‘ 
obliquities of these rays are 100-fold exaggerated, i.e., the 
tangents of their angles relative to ray 4 are 100 times natural 
= a annihilation radiation study, slot 7 was blocked 
with lead. 
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regarding the aberration pattern of the crystal as 
obtained by this x-ray method. In the present work 
slot number 7 has been blocked off with lead. The 
remaining pattern is in reasonable agreement with 
the distribution of Fig. 9. In all these curves (Figs. 
7 to 10 inclusive) the abscissa scale has been ex- 
pressed in nominal scale x.u. of the spectrometer 
and, to the accuracy of these line structure studies, 
this can be taken as identical either to x.u. or to 
AX10-. 

The desired ‘‘natural’’ line profile of the anni- 
hilation radiation is then such a profile that if it is 
folded into the instrument window curve of Fig. 10 
the resultant will be the observed curve of Fig. 7. 
There are well-known methods of unfolding or 
“dividing out” one of the members of a fold which 
depend on finding the Fourier transforms of the 
curves involved (in this case the curves of Figs. 7 
and 10). We felt that the accuracy in the present 
instance was hardly sufficient to warrant such an 
elaborate solution and we have contented ourselves 
with fitting simple Gaussian error functions of form 
A ,(2)—*o;-! exp(—x?/20,7) to each of the curves 
of Figs. 7 and 10 with width parameters oo and 
Ow, respectively, and assuming that the desired 
“natural” spectral profile is given by a third Gaus- 
sian error curve with width parameter co, related 
to the first two by the relation 


On? = 00° — Ow’. (2) 


(It is well known that when Gaussian error func- 
tions are folded together the squares of the re- 
spective width parameters add to form the square 
of the width parameter of the folded resultant.) 
Figures 12 and 13 show how closely the curves of 
Figs. 7 and 10 can each be approximated by a 
single Gaussian error curve. In Figs. 12 and 13 the 
full lines are the original curves and the points 
indicate the Gaussian approximation. A simple and 
effective geometrical construction to obtain a good 
value for a width parameter o, in fitting a Gaussian 
error curve to a given curve which nearly -ap- 
proximates it, is to project the tangents to the 
points of steepest slope on either side of the given 
curve upward so as to locate their point of mutual 
intersection. The half-width of the given curve at a 
height ha!f that of this intersection point may then 
be taken as giving o. This method was used in the 
present case. It will be seen that the Gaussian ap- 
proximations to the curves of Figs. 7 and 10 are 
quite satisfactory save for minor departures in the 
wings. 

By this method we arrive at the conclusion that 
the ‘‘natural’’ structure of the annihilation line 
from Cu“ is approximately represented by a 
Gaussian error curve of width parameter 


on= 0.096 x.u. 
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Fic. 12. To show how closely the curve of Fig. 7 can be 
approximated by a Gaussian error function. The full line is 
the curve of Fig. 7 (the observed annihilation line profile). 
The points lie on the Gaussian curve. For this latter the width 
parameter, go, is 0.15 x.u. 


If we now compute what speeds B=v/c of the 
center of mass of recombining positron-electron 
pairs would account for such a width as this we 
arrive at the value 8=0.0040 corresponding to the 
speed of an electron having a kinetic energy of 
only 4.1 volts. If our rough picture of nearly sta- 
tionary (‘‘thermal velocity’’) positrons recombining 
with moving K, L, M, and conduction electrons of 
copper proposed in our introduction is a correct 
one, the speeds of the moving members of the pairs 
must be twice as great and the kinetic energy four 
times as great as the above, hence 16 ev. The con- 
duction electrons in copper are the only ones with 
which such a low order of speed can be associated. 
Assuming one conduction electron per atom and an 
effective electronic mass equal to mo, Seitz cal- 
culates that the fastest conduction electrons in 
copper should have kinetic energies of about 7 ev. 
Since our line breadth determinations are rather 
rough, this may be regarded as a reasonable agree- 
ment. 

The extremely narrow half-width of the “‘line”’ 
(AX~0.096 x.u.) gives us great confidence in the 
reliability of the value of h/(moc) which we have 
computed from its measured wave-length \ since 
any shift 5\ from this ideal value must almost 
certainly be a much smaller order of magnitude 
when expressed as a fraction of \ than is the ratio 
Ad/d. Applying formula (1) we conclude that the 
line is not shifted more than 16 parts per million, 
that is to say, 5A/A&16 x 10-*. ) 

However, the above considerations do not exclude 
the possibility that the more rapidly moving elec- 


4F, Seitz, Modern Theory of Solids (McGraw-Hill Book 
Company, Inc., New York, 1940), p. 146. 
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Fic. 13. To show how closely the curve of Fig. 10 can be 
approximated by a Gaussian error function. The full line is 
the curve of Fig. 10 (the instrumental window profile). The 
points lie on the Gaussian curve. For this latter the width 
parameter, ow, is 0.115 x.u. 


trons may also be involved in the annihilation 
process. The speeds of the K, ZL, and M electrons in 
copper are roughly given by Bx =0.20; 81 =0.060; 
Bu=0.017. The M electrons, of which there are 18 
in copper, have such speeds that on the basis of our 
simple picture one would expect a Doppler broaden- 
ing of half-breadth about 0.21 x.u. This is not at 
all inconsistent with the breadth observed near the 
base of the present line where the wings flare out 
rather emphatically and it may be that the less 
energetic M electrons do contribute somewhat to 
the annihilation process. 

The L and K electrons have speeds which would 
give Doppler broadened distributions, respectively, 
about 3 and 9 times as broad as the M. Such very 
broad distributions with our present resolving 
power could easily be confused with and inter- 
preted as part of the continuous background coming 
from various causes, chiefly scattering from the 
partitions of the collimator. We have, therefore, 
tried to estimate from our previous experiment in 
measuring the wave-length of the 0.41-Mev line 
from the isotope Au! what background intensity 
we ought to expect in the present instance. It turns 
out that our observed background in the present 
experiment is some 50 percent higher than this 
expected value which favors the supposition that 
part of it could be a broad distribution of annihila- 
tion radiation. However, little positive weight can 
be attached to this fact since the estimate is subject 
to errors of the same order as the excess. Unfor- 
tunately, because of the short half-life of Cu“, our 
strong source had decayed below the level for 
further spectral investigation before this interesting 
question occurred to us. We believe it might be of 
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Fic. 14. Composite study of background profile from data taken in runs 1 to 4 inclusive. The individual observations are 
shown as vertical strokes (indicative of the statistical counting uncertainty) and where more than one such occurs at a given 
wave-length setting the weighted average is also shown by a black dot. Individual observations belonging to the same wave- 
length setting are displaced slightly to right and left of that setting to avoid confusion. In the more salient parts of the anni- 
hilation line only the observations from run 1 are shown, to avoid confusion, although many more observations were actually 
taken. Such points are distinguished by a dot in the middle of the vertical stroke. See text for method of normalizing the observa- 
tions of different runs. There is no positive evidence for a broad inhomogeneous distribution of annihilation radiation. The back- 


ground is probably entirely from scattering in the collimator. 


considerable interest to repeat the experiment with 
a considerably wider slit and lower resolving power 
in an effort to see if our present line is actually 
superposed on one or more much broader structures 
also ascribable to the annihilation process. We 
think that participation of the K and L electrons 
in the annihilation process is unlikely for the fol- 
lowing reason. At the low electron velocities in 
question the product of the velocity by the cross 
section for annihilation according to Heitler? is 
constant for all electrons and equal to mro’c where 
ro is the classical radius of the electron so that 
aro? =2.5X10-*5 cm? and ¢ is the velocity of light. 
This product multiplied by the. positron number 
density per unit volume gives the time rate of 
annihilation per electron. If the various classes of 
electrons could be regarded as having homogeneous 
density throughout the interior of the copper, one 
would therefore expect that the area of the spectral 
distribution of annihilation radiation ascribable to 


each class of electron would be simply proportional 
to the number of electrons in that class. This, 
however, ignores the fact that the density of 
positrons awaiting annihilation is, because of nu- 
clear repulsion, certainly enormously lower in the 
vicinity of the K and L electrons. The K, LZ, and M 
x-ray absorption discontinuities of copper indicate 
binding energies for these classes of electrons: 
Wx=9000 ev, Wz 111= 930 ev, and Wy 11=75 ev. 
The work to bring a stationary positron from 
infinity up to the same general order of proxim- 
ity to the nucleus as these electrons should 
be, therefore, about double these values. Clearly, 
“thermal” positrons with energies of the order kT 
or 0.024 ev wouid have practically no density 
whatever in regions of this order of potential energy. 
These considerations, though rough, argue strongly 
against the existence of any annihilation radiation 
differing greatly in wave-length from that indicated 
in our observed “‘line,”’ 
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In Fig. 14 we show a composite of all the back- 
ground observations obtained in the first four runs 
of the present experiment reduced to the same 
ordinate scale by multiplying the ordinates of dif- 
ferent runs by appropriate factors to take care of 
the decay of the source. In these curves the 
“natural” background of the counter has been 
subtracted so that what remains is entirely due to 
the presence of Cu® in the spectrometer. In order 
to avoid any possible error or unconscious bias the 
multiplying factors for the different runs have been 
determined so as to make the peak of the annihila- 
tion ‘‘line” the same height in every case, letting the 
background ordinates fall where they would. 
Figure 14 shows both weighted average background 
ordinates (black circles) and individual observa- 
tions (vertical strokes). The heights of these strokes 
are indicative of the statistical uncertainty. Where 
more than one individual observation falls at a 
given wave-length the corresponding vertical strokes 
are displaced slightly to right and left of the true 
position, if necessary, to keep them distinct. Figure 
14 is plotted primarily to give information on the 
background profile and, therefore, in the more 
salient parts of the annihilation line only the points 
from run 1 have been shown to avoid confusion. 
Such points are indicated by placing a small dot 
in the middle of the vertical stroke. 

We have purposely plotted the right- and left- 
hand profiles separately. The difference in back- 
ground height on the two sides is not a result of 
source decay since a correction for this has already 
been made. (This can be seen by the equality in 
the heights of the lines above the background level.) 
We ascribe this difference on the two sides in part 
to the fact that some slight misalignment of the 
collimator may result in a different angle of scat- 
tering of the primary beam on the collimator par- 
titions in the two cases!* and in part to possible dif- 
ferences in the character of the surfaces of the lead 
partitions on their two different sides. This dif- 
ference illustrates well how difficult and uncertain 
it is to make any prediction of background intensity 
from previous observations of background at dif- 
ferent wave-lengths and angles. At these small 
angles of incidence of the primary beam on the 
collimator partitions the background intensity 
varies very rapidly with the angular setting as can 
be clearly seen from the background curves them- 
selves. The increase in slope with decreasing wave- 


18 The kinematics of the instrument (Figs. 2 and 3) are such 
that a misalignment of the collimator will result in a different 
mean angle of scattering of the primary beam on the collimator 

rtition but will, nevertheless, give exactly the same obliquity 
in the collimator for the transmission of the selectively re- 
flected beam in both right- and left-hand settings, 
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length setting is characteristic of all the back- 
ground profiles we have ever obtained. The chief 
conclusion we draw from these curves is that they 
furnish no positive evidence for any broad distri- 
bution of annihilation radiation at distances from 
the core of the line much in excess of +1.5 x.u. If 
we divide the line, after subtracting the sloping 
background, into horizontal strips, Fig. 14 makes it 
clear that only a very small fraction of the total 
line area would be associated with a strip of half- 
width 1.5 x.u. Such a strip would correspond to a 
class of electrons of speed 8=v/c=0.12 and energy 
3.6 kev. This, of course, ignores the fact that a 
large part of the line width at the base comes from 
the instrumental ‘‘window curve” and is not a 
spectral characteristic of the annihilation radiation. 
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Note added in proof: After this article was sub- 
mitted to the editors, Bethe and Longmire,’ dis- 
cussing the work of Taub and Kush, have an- 
nounced that the results of the latter on the ratio 
of magnetic moments of electron and proton com- 
bined with the recent hyperfine structure results of 
Nafe and Nelson yield a very accurate value of 
a aW! = (e?/hc)-! = 137.041+0.005. This result plots 
on the consistency chart in such a way as to favor 
the lower or silver value of the Faraday. 

This value of a (combined with the Rydberg 
constant) yields a value of h/m directly comparable 
on the consistency chart with a result on \, in the 
present article. The present annihilation radiation 
measurement yields a value of X, slightly longer 
in wave-length than A, computed from a, but the 
discrepancy is not serious relative to the probable 
error ranges. C. C. Lauritsen has suggested that 
small angle Compton shifted scattering of the 
emerging annihilation radiation within the copper 
source itself might account for a slight shift of this 
order toward longer wave-lengths. A careful anal- 
ysis reveals, however, that any such shift effect is 
far too small. These points are more fully discussed 
in forthcoming letters to the editor.” 


16 H. A. Bethe and C. Longmire, Phys. Rev. 75, 306 (1949). 
17 Jesse W. M. DuMond, Phys. Rev. 75, 1266 (1949); also, 
Phys. Rev. 75, 1267 (1949), 
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The effect of the interaction with the radiation field in changing the energy levels of an electron in 
an external field is calculated using the conventional form of perturbation theory. The infinite 
self-energy of the electron which occurs in the same approximation is removed by subtracting 
from the Hamiltonian a ‘‘mass operator” M. The criteria used in deriving M are that it should cor- 
rectly give the self-energy for a free electron in the absence of an external field and that the amended 
Hamiltonian should give a properly covariant form for the level shift in an external field. It is pointed 
out that M is uniquely determined by these requirements. 

The results give 1051 mc/sec. for the 2s;—2); separation in hydrogen and also show the surplus 
magnetic moment of the electron as a/2r Bohr magnetons, as first found by Schwinger. The amended 
Hamiltonian can be used for determining the radiative corrections for other processes. , 





I. INTRODUCTION 


ECENT measurements, for example the work 

of Lamb and Retherford! on the fine structure 

of hydrogen, indicate that calculations made on the 

basis of the Dirac theory of the electron should be 
modified. 

This, however, does not necessarily indicate a 
failure of the theory. Many calculations, for 
example of atomic energy levels, are made without 
taking into account the interaction of charged 
particles with the radiation field. We might reason- 
ably expect that when the radiative coupling is 
properly considered the energy values would in 
general be different from those calculated in- the 
usual way. The difficulty, however, is that the 
energy values thus calculated are found to involve 
divergent integrals. Thus each energy is infinite 
and moreover the difference of energy between two 
levels will in general be also infinite. It is for this 
reason of course that the interaction is omitted in 
the usual calculation. It is, however, significant that 
the energy levels calculated with omission of this 
interaction are only very slightly different from 
those observed experimentally. Thus though the 
radiative coupling gives rise to infinite level shifts, 
yet in a very real sense it behaves as a small per- 
turbation. 

A separate aspect of the problem is due to the 
fact that the ordinary one-electron Dirac theory is 
incapable of explaining positron phenomena and is 
moreover plagued by the negative energy solutions. 
The Dirac hole theory disposes of these difficulties 
and it is on the basis of hole theory that the present 
calculations will be made. 

It is well known that the introduction of hole 
theory reduces the degree of the divergences which 
are encountered. In place of linear divergences 
which are encountered in the one-electron theory 
we meet only logarithmic divergences. This has the 


a oar E. Lamb, Jr. and R. C. Retherford, Phys. Rev. 72, 241 


important consequence that when we carry through 
the renormalization of electron mass and charge, 
to be discussed below, we shall get finite observable 
effects due to radiative coupling. This would not be 
true in the one-electron theory. 

The other main result of introducing hole theory 
is the phenomenon of vacuum polarization in the 
presence of an external field, which also leads to 
logarithmically divergent expressions. It has long 
been recognized that the main effect of the vacuum 
polarization is to effectively increase the electron 
charge from é to e where 


e=e,(1+5), 


Here K is a logarithmically divergent integral. We 
argue that when the entire theory is eventually 
modified for very high momentum exchanges a 
result will be to make K convergent and of order 
unity or smaller. Without this belief indeed the 
application of a perturbation theory would be 
senseless. 

But now with the argument that the measured 
charge e includes the additional ‘‘induced” charge 
we see that the term in the Hamiltonian of the 
system which corresponds to this renormalization 
should be omitted. The residue is then interpreted 
as the physically observable part of the interaction 
which produces the vacuum polarization.?® 

In precisely the same way it has been argued*-® 
that the infinite energy which arises when we 
consider the radiative coupling (without the vacuum 
polarization terms) is mainly due to a term which 


b~(e?/hce)K. 


2W. Heisenberg, Zeits. f. Physik 90, 209 (1934). 

3V. F. Weisskopf, Kgl. Danske Vid. Sels. 14, No. 6 (1936). 

4H. A. Bethe, Phys. Rev. 72, 339 (1947). 

5 J. Schwinger, Phys. Rev. 73, 416 (1948). 
( — and V. F. Weisskopf, Phys. Rev. 73, 1272 
1948). 

7Z. Koba,°T. Tati and S. Tomonaga, Prog. Theor. Phys. 2, 
101, 198, 218 (1947). 

8§R. P. Feynman, Phys. Rev. 74, 1430 (1948). 
(1943) M. Kroll and W. E. Lamb, Jr., Phys. Rev. 75, 388 
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ELECTROMAGNETIC SHIFT OF ENERGY LEVELS 


represents an increase in the effective electron mass. 
The radiative coupling will be considered as a small 
perturbation, its smallness being characterized by 
the fact that in a future theory the electromagnetic 
mass should be of the order (e?/hc)mo where mp is 
the mechanical mass. Arguing as above we should 
therefore subtract this mass renormalization term 
from the Hamiltonian. The residue will then give 
rise to observable effects. The separation of the 
mass renormalization term is however more difficult 
than the separation of the charge term. We shall 
consider the self-energy of a free electron (which 
should of course be exclusively a mass renormaliza- 
tion term) and we shall be guided by this in finding 
the renormalization operator (the ‘“‘mass”’ operator) 
in the case of an external field. The fact that the 
self-energy of a free electron diverges, introduces 
ambiguities in the determination of the mass 
operator. The choice is determined in this paper 
by requiring that the results be Lorentz invariant. 
This is discussed in Section III of this paper. Some 
evidence can be given that this determination is 
unambiguous. 

In the present work we shall consider an electron 
in an external time-independent electromagnetic 
field. We shall evaluate to the first non-vanishing 
order the perturbation energy which results when 
we add the radiative coupling to the Hamiltonian 
of the system. We shall then separate out the part 
which may be regarded as energy due to electro- 
magnetic mass and also the terms corresponding to 
a charge renormalization. The residue which will 
be finite will be regarded as the true level shift. 


Il. THE PERTURBATION ENERGY 


1. We consider an electron in a stationary state 
¥o of an external time-independent electromagnetic 
field. The state of the vacuum will be that where all 
negative energy states are filled; the physical situ- 
ation in which we are interested will have all the 
negative energy states and one positive energy 
state Wo filled. 

We regard the radiative coupling as a perturba- 
tion. As the significant energy we take the difference 
between the energies of the two systems: vacuum 
plus one electron in ~o, vacuum. 


W= Wrae+1— a (1) 


We shall call W the perturbation energy. At first we 
shall consider separately, in the usual way, the 
transverse (electrodynamic) and longitudinal (elec- 
trostatic) parts of the perturbation energy. 

2. The electrodynamic energy (W”). We expand 
A, the transverse vector potential of the radiation 
field, in plane waves. We regard the wave function 
function of the entire system as a function of the 
photon and electron. occupation numbers. For 
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physical states where no photons are present we 
then find that Hin=—e } a@-A transforms as 
follows: electrons 


1 
Hine— —eh(2xc)* ¥) —Xy,*a-e, 
r, S. k (k)* 


A=1,2 


Xexp(+7k-r/h)y,)a,*a, 


where a*, a are the usual electron creation and de- 
struction operators and ({ ) denotes a matrix 
element. We take the + or ~ sign in the exponential 
for transitions involving respectively, absorption or 
emission of a photon. g, is a unit polarization vector 
and e;;kK=e.-k=e,;-e2=0. We shall often write 
@-f) =a). 

A second-order perturbation calculation with this 
interaction gives 


ac? dk ise —N,) 
rs E,—E,—ck 





4? k t 


A 2 al IV, 
ck 








» (2) 


where JN, are the electron occupation numbers and 
A* cimn = (Wi*an exp(—tk- 1/h)yi) 
X (Wm*on exp(+ik-1/h)pn). (3) 








We then get 
W? = WX + wr, (4) 
r ac? dk Aozs0 
wx =— ae re ’ (5) 
4r? k me fo— Es —chiy 
—ac fr dk 
Wh = en ry p> A*oors; (6) 
” 21, 2 


where }-;- means a sum over negative energy 
states and 6;=E,/|E;|=-+1. We call W°* the 
electrodynamic exchange energy and W?” the non- 
exchange energy. The reason for this separation arid 
nomenclature will become obvious later. 

3. The Electrostatic Energy (W*). The electrostatic 
energy which represents the Coulomb interaction 
energy and self-energy of the electrons can be 
written as the average value of the operator 


drdt’ 


r’| 





he? f (x*(e)x(n)} {x*(e)x(')} 


|r 


where x=)>. a,¥, and as before the a, and y, are 
the electron operators and eigenfunctions. The 
product { } is the spin scalar product. 
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We now find as before that W* can be divided 
into exchange and non-exchange parts. 


WS =WSX+ Ws, (7) 
ac dk 

WSX =— | — >> Atossobs, (8) 
4? k? 
ac dk 

WSN =— | — > Atoosy, (9) 


2? k? j- 


where A‘zimn is as defined before with the under- 
standing that a,=1. 

4. Symmetric Form of the Perturbation Energy. 
The expressions above for W? and WS are in dif- 
ferent form corresponding to the fact that we have 
divided the total field into two parts and treated 
each part in a different fashion. We may now write 
WS in a form closely analogous to W”. This is of 
little importance in calculating WS and W? since 
the two methods will of course give the same result. 
But the difference will be found to be of importance 
when we later consider the subtraction procedure to 
eliminate the energy due to electromagnetic mass. 

If H be the one-electron Hamiltonian, y, and E, 
its eigenfunctions and energy values, we have 


(Wn* LH exp(+7k-r/h) —exp(+ik-r/h)H ]m) 
= (Ex — Em)(n* exp(+1K-1/h) bm). 
But 
H exp(+ik-r/h) —exp(+ik-r/h)H 
= -+ca-k exp(+k-r/h). 
So 
(En—Em)(Wn* exp(+7k-1/h) pm) 
= +ck(p,*ox exp(+7k-r/h)Ym), 
where a,=(1/k)a-k. 


(10) 


Using this we find that we may write 


—_ ac? aS 1 
dx? J hk ‘I’ (Ey—Es—chb;) 
X {A%ors0—A torso}, 


where in A*ximn, a is replaced by ax. 
Adopting now the convention that 


Din’ F(A) = F(1)+ F(2)+ F(3) — F(4), 
we have . 


WX = WX + yx 





(11) 


(12) 


ac? pe dk A®ors0 
=— | —)>’ » (13) 
4x? J ks (Ey—Es—ckhéz) 
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In evaluating the sum over \ we can most simply 
take a, =a, ae, a3, 1. 

To combine the non-exchange terms we note that 
A®oo77=0 (by an application of (10)). We find too 
that 


f (dk/k)A*sinn=20*hBY inn, (14) 


where 


a J (va*(nenvi(r)} 


X {Ym*(1’)ann(t’)}(drdr’/|r—r’|). (15) 
Then 
WN = WN+ WS" = —e? 5! Broosy 
AJ 
7 J [eo(r) pneg(t’) — (1/c?) Jo(r) - Jnee(r’) ] 
X(drdr’/|r—r’|). (16) 


The last step follows from the definition of B¥ximn 
and the identification of eca as the current operator. 
po and Jo are here the charge and current densities 
due to the electron in Wo; pneg and Jneg are the den- 
sities due to the electrons in the negative energy 
states. 

To summarize we have now, for the total per- 
turbation energy, W*+W* given by Egs. (13), 
(16). We now examine each of these separately. 

5. The Non-Exchange Energy. The non-exchange 
energy has been considered by many authors, first 
by Uehling " for the case of an external electrostatic 
field. When the eigenfunctions occcurring in W% 
(Eq. (16)) are expanded in powers of the external 
potential the zero order term gives simply the 
interaction with the unperturbed vacuum electrons 
which is of no physical interest. The first order 
term contains a divergent charge renormalization 
energy and a finite term AW” which we regard as 
an observable effect. The higher powers are of no 
interest to us. We get then 

AWN = —a/154(h/mc)?[V2?V —ea-V?A lw, (17) 
where ¢=V/e and A are the potentials for the 
external field. 

In the case of no external field, only the zero 
order term remains and thus we may say that the 
non-exchange energy vanishes for a free electron. 


‘1 E, A. Uehling, Phys. Rev. 48, 55 (1935). 
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6. The Exchange Energy. We now put W~ (Eq. 
(13)) in a form suitable for calculation. We treat 
vo exactly but expand the intermediate states in 
powers of U=ep—ea-A where ¢,A refer to the 
applied field. This procedure is clearly not accurate 
for low-lying intermediate states. We therefore 
restrict ourselves to values of k (the momentum 
exchange) which are greater than 6u where we con- 
sider 6~1/137 and w=mc. For k<éyu we shall be 
able to use the non-relativistic calculation of 
Bethe.* The two parts of the result will join cor- 
rectly. 





—ac? ¢ dk 


rs (Yo*on exp(tk- r/h)o”(q))($*7 (q)on exp(—ik- 1/h) Yo) 
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We expand y¥ as 


Ug?! 
v=e(@+¥ 18 
Es) —Ex(q’) 9 


where $/(q)=u/(q) exp(iq-r/h) is a Dirac free 
electron solution and U,,"* = (¢*"(q) U¢*(p)). 
We insert this expansion for the intermediate 


states into W* and collect together the terms of 
different orders in U. We have then 


Wr =WE+WE+- 


where, for example, 





eq) +--, 


(19) 





WX~ —- 





4n? Rk Ja 


where Ep is the energy of Yo and 
E@=+[eg+se}. 


We introduce now the projection operators G+ 
which we shall use all throughout the calculation. 
These operators when operating on free electron 
states of momentum p—k select those of + energy. 


ca:(p—k)+ yc 
E(p—k) 





Genf t |-at1s2/23, (20) 


We write 
(E(p—k)*Eo+ck) = By. (21) 


We can now write the terms of W~ as expectation 
values in Wo of certain operators. We get 











ac? pdk G+ G 
we=—— f—l5m{———lem], 2 
4n2?J klix Bt B-) dy 
ac? pdk GtU G+ G- UG 
Sta | aa| oolibeas-ae 
4n? J kL ih hw 
G+ UG- G al 
[stl ...leee I - 
Bs B_ B_ Bs Av 
ac? pdk G+ UG- 
= | Pe eal 
4r? k nN Bs B.. 


G- UG* 
+—— len]. 23) 
B_ Bs Ay 
In the second part of W:* we have 
2ck 
L= R 
E(p—k)+£(p’—k) 





(24) 





’ 


(E(q) — Eo6s-+ck) 





where it is to be understood that p stands to the 
left of U and p’ to the right. Both W.* and Wi 
diverge. The higher terms however are convergent. 
It will become plain later that the higher terms will 
not contribute to the level shift and it is for this 
reason that we have written no terms of higher 
order than W;* above. 


Ill. THE ELECTROMAGNETIC MASS OPERATOR 


We must now separate from W* that part W™” 
which is due to electromagnetic mass; or, more 
generally (for use e.g. in scattering problems), we 
should find an operator M which represents the 
e.m. mass effect. This operator, which should be 
proportional to the Dirac operator 8, will then be 
subtracted from the one-electron Hamiltonian in 
accordance with our idea of mass renormalization. 
For level shifts we subtract from W*~ the average 
value W™ of this operator in po. 

We proceed as follows; let us find an operator R 
such that for a free electron in the state ¢ the self- 
energy is (¢*R¢). We would then like to argue that 
R is the desired mass operator M. There are how- 
ever ambiguities. The self-energy of a free electron 
involves only the diagonal elements of an operator 
(in terms of free electron solutions) and thus from 
the self-energy the non-diagonal elements cannot 
be determined. Thus M is determined by the above 
procedure only to within an operator with no 
diagonal elements. 

The ambiguity may be removed by definitely 
choosing M so that it is a multiple of Bu. We meet 
here the fact that M is divergent and we encounter 
all the difficulties involved in handling infinite 
quantities in an unambiguous fashion. (For example 
the usual calculation for the free electron self- 
energy does give for the divergent part a term in 
Buy but there are finite terms not of this form.) 
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One method of treating the problem is the rela- 
tivistic ‘‘cut-off’’ procedure introduced by Feyn- 
man.*® This method avoids the ambiguity by modi- 
fying the electromagnetic interaction so that the 
divergent integrals become finite. We shall not 
discuss the procedure at this point though in part 
V we shall give a simple application of it. 

Alternately we shall use as a criterion the re- 
quirement that the result, for the level shift in an 
external field be in a relativistically invariant form. 
Specifically we shall calculate the level shift in both 
an electrostatic and a magnetic field and combine 
the results to give the level shift in a general e.m. 
field. We will find that this may be written as the 
average value of the following operator 


c1e — Cea A+-¢33(h/mc)*S V+c,(eh/2mc) Bo-H 


+ (h/mc)*V?(csp—ceeaA), (25) 
where SV is the operator which enters in the inter- 
action of a magnetic moment with the electrostatic 
field. It is defined later by Eq. (36) and its rela- 
tivistic equivalent is (mc/h)iBa-VV. The c’s are 
numerical constants of order a. For an invariant 
result we must have ¢c1:=G2, c3=C,4 (also cs=ce but 
we shall not however calculate cs). We _ shall 
require that M be so chosen that these conditions 
are satisfied. It will be noted that when ci=cez the 
first two terms simply form a charge renormaliza- 
tion term of no significance. It will however turn 
out that c:=c,=0. The identity of cz and c, insures 
that the correction to the magnetic moment will be 
identical if measured by the interaction with an 
electrostatic field or with a magnetic field. 

We see from Eq. (22) that we can write the self- 
energy of an electron with momentum p as 


ay,Gtay 


—ac? rdk 
W(self) = f ==" 
4x? kL» |\E(p—k)—E(p)+ck 








anG an 


~ | (26) 
E(p—k)+E(p)+ck! Jn 





We therefore define 








ac? pe dk 1 
=—-— | — © | aGie 
4x? J k » E(p—k) —H(p)+ck 
1 
—aG~ay | (27) 
E(p—k)+H(p)+ck 
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where H(p) =ca: p+fuc and is to be interpreted in 
the obvious fashion. 

We note that consideration of W(self) does not 
distinguish between E(p) and H(p) in the denomi- 
nators above. It has been pointed out to the authors 
by Professor F. J. Belinfante that the require- 
ment of symmetry between electrons and positrons 
demands the use of H(p) and not E(p). We shall 
use M as given above for calculating the level shift. 
Strictly speaking, the mass operator should be 
written as 3(M+M*) where M™ is the adjoint to 
M and differs from (27) by having the denominators 
placed to the left side of a,G*a,. This is of no 
account for the Lamb shift calculation, but is 
important for scattering problems. There is still an 
ambiguity to be resolved. If we had written the 
self-energy not in the form above but, for example, 
in the more usual form given by Eqs. (5), (8) with 
the electrostatic and electrodynamic energies sepa- 
rated, then clearly we would have written a dif- 
ferent mass operator (say M’) which would have 
different non-diagonal elements than M, though its 
diagonal elements would coincide with W<(self). 
With some manipulation the difference between MV 
and M’ can be evaluated. Neglecting terms of order 
higher than (p/u)‘ we find that M— M’=T, 


T=a/(3xm)[8p*— ua: pj. (28) 


It has indeed been peinted out by Kroll and Lamb® 
that any operator, not higher in order than (p/y)‘, 
whose diagonal elements are zero is equal to a 
multiple of 7. Thus any operator which has the 
same diagcenal elements as the correct mass operator 
must differ from it only by a multiple of TJ. This 
fact can be used to justify the mass operator (27). 

For an applied electromagnetic field given by ¢, A 
(where V =e@) we find by use of the Pauli approxi- 
mation to the Dirac equation that 


(Yo* TY) - (a¢/6) (h/mc)po*S Vio) 


+ (a/3mr)(po*ea- Ayo). (29) 

Thus the addition of a multiple of T to any mass 
operator changes the values of cz and c¢; in the 
resultant level shift (25) but leaves c, and ¢, 
unaltered. We may choose this multiple of T so 
that cz;=c,. If at the same time we find cy=Ccz we 
may conclude that the resultant mass operator M@ 
is the correct one and that this choice of M is 
unambiguous since a different choice must neces- 
sarily lead to a non-invariant result. 

We remark finally that M, defined by (27) does 
give the desired invariant result. This will be 
shown in IV and \;; it will be found that the mag- 
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netic moment term will be invariant (i.e., c3=c,) 
without using any special precautions in handling 
divergent integrals which enter in the calculation. 
More care must be taken with the charge term and 
we shall indeed use the Feynman cut-off® to evaluate 
it. Its value will then be zero. 


IV. THE LEVEL SHIFT IN AN ELECTROSTATIC 
FIELD 


It is convenient to consider separately the cases 
of an external electrostatic and a magnetic field. 
We now briefly outline the detailed calculation of 
the level shift for the former case. We have for the 
level shift (exclusive of AW* given by Eq. (17)). 

AW* = W* —W” = W* -[M ]w. (30) 

In anticipation we may say that the order of the 

level shift is 


(a/u*)[b? V Jw~ (o/c) V? Jw. 


Thus in the expansion of W* we need terms up to 
W-*. On the other hand the only terms in W,* not 
smaller than the order of the level shift are terms in 
[ V?]w; we would expect such terms to be canceled 
exactly since V? is not a gauge invariant quantity. 
It has been verified that this is so, and for this 
reason the expansion of W* is now carried only to 
first order. We have 
AW* =We+Wi— WwW. (31) 
We combine W,* and W™ and then to eliminate 
the H(p) in the denominator we introduce the 
operators H+ which decompose yp into its positive 
and negative energy parts. 











1 ca-p+Bucy 1 H 
Hem 1 : J-J==4] (32) 
2 E(p) 2. =E(p) 
We get then Wo* —W” = Wi'+ Wy’, 
—ac? rdk Gt 
Wy = fife fosen 
4? kL» +" 
GC . 
+&i—enllt + 7] . (33) 
B_? B,B_ Av 


W,’ is of second order in V. (It is W2’ which cancels 
the V? terms in W,*.) Combining W and Wy’ we 
now find that we can write AW* as the sum of four 
separately convergent terms. 
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1 
+—(EV— VE) 
B? B Av 


ac* dk Gt VG 
ot pi ae 

4x? RL» B, B_ 

G- VG* 

~~ — tay 

B_ By AV 

ac* ¢ dk Gt G— 
-— —| x’ —ve-+—ver} 

4r’? k r + —_ 


x{2+ Ja]. co 


In (34) and elsewhere we have 
E=E(p—k) =c[y?+(p—k*)}! 


and G+, B, are given by (20), (21). Each of these 
terms is now calculated. The procedure is to 
expand, B, E in powers of k-p keeping as many 
terms as will contribute to the effect (no higher 
than #? in any case). Such expansions are valid for 
all k. We then integrate over directions of k and 
finally over the magnitude of k. In the last step 
we meet only convergent elementary integrals of the 
form /{k"/(Q"A."A_*) where 


Q=c[w2+k?}}, At=QFEotck. (35) 


Since we concern ourselves only with non-rela- 
tivistic Yo it is convenient to use the Pauli approxi- 
mation to the Dirac equation to reduce various 
operators to their non-relativistic equivalents. We 
then find that all operators occurring reduce to a 
combination of the two 


V27V, SV=(1/h4)VV-0oXp—3V°V. (36) 
In SV we understand that VV-«X p=0 for s states. 
The relativistic form of SV is (mc/h)iBa-VV. 

We find the following result for the four terms 
of AW~. Writing each term as 


a/3a(h/mc)*[ pV? V w+ pxXSV)w], (37) 
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we find, respectively, for the four terms of AW (34) 
pi=0, po=3 Iné+3 1In2—3, 
pi=3 Ind+4 In2+, p2=0, 

pi= —41n2+35/24, pP2> —3 In2+3, 

pi= —$1nd+31n2—9/8, p2= —31nd—In2—}, 


(38) 


where, as mentioned above, éyu is the lower limit 
of the & integration and we consider 6~1/137. 

Now adding the four terms above, together with 
the Bethe non-relativistic result which joins on 
correctly and AW” given by Eq. (17), we get for 
the total level shift 


— —) | Vw 


3a \mc 


« dk MOA 
x| —~In24+——=| SV} (39) 
ko R 24 5) 4 


where cko is the Bethe lower limit. 

We record also the results of separate calculations 
of the shifts due to electrodynamic exchange terms 
(A=1,2) and the electrostatic terms (A=3, 4). 
Writing as above, we have: 


” 
For AW", p= f ‘(dk/k) —In2-+4, m=3- 
ko 


The spin term in the level shift has the form of 
the interaction of a magnetic moment with the 
electrostatic field. It gives a surplus magnetic 
moment of the electron a/2r Bohr magnetons, a 
result first given by Schwinger. 

For hydrogenic atoms of principal quantum 
number ” we have 





(h/mc)XV2V) y= 802(T*/n3)Ry, (1=0), 
=0, (1#0), 
(40) 
(h/mc)*S V) 5 = —4 2 Ry 
win yd PEN TSS 
G=149), 
Pere oe, bt 
TT age meinen Cart 


Then for the »=2 states of hydrogen we use the 
value for {ko"dk/k given by Bethe" (=7.6876) and 


1H. A. Bethe, Solvay Report, 1948. 
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we find the following level shifts, which we write in 
terms of the corresponding frequency: 


v(251/2) = +1034 mc/sec. 
v(2p1;2) = —17 mc/sec. 
v(2p3/2) = +8 mc/sec. . 


Thus the 2s,/2 state, which by the Dirac theory is 
degenerate with the 21/2 state, will on the present 
theory be higher by an energy corresponding to 
1051 mc/sec. This is in agreement with the measure- 
ment of Lamb and Retherford.! 


V. THE LEVEL SHIFT IN A MAGNETIC FIELD 


We repeat now the calculations for the case of 
an external magnetic field. We shall be content 
with verifying the magnetic moment result derived 
in IV and shall not calculate the term in a-V°A. 
We have for the applied field U=—ea-A. The 
order of magnitude of the level shift will be 


AW*~a[y- H w~alea : Alw 


where p is the magnetic moment operator. We may 
thus neglect terms in A? and p?A. 

Expanding the intermediate states in powers of 
U, it will be sufficient to consider terms of order 
zero and one. Since a, does not commute with U, 
the-manipulations used in IV to write AW% as the 
sum of individually convergent terms will not be 
useful. rm 

As before AW*=W+Wy1', where Wi'=W- 
—W™. W< is found by taking U=—ea-A in Eq. 
(23) and Wi,’ comes from Eq. (33) by changing V 
to —ea:A. 

We now calculate each term using the same pro- 
cedure as in IV. We consider non-relativistic p> and, 
in various convergent terms, we use the Pauli 
approximation to the Dirac theory, to reduce 
various operators to their non-relativistic equiva- 
lents. We find one essential difference in the cal- 
culation. Whereas for the electrostatic field no 
divergent integrals entered the actual calculation, 
this is not the case for the magnetic field. This will 
have an important consequence to be seen later. 

Wi’ is easily evaluated. Much more work is 
required for W:*. We write each term in the form 


ea/2n[ pia- A+ po(h/mc)o-H 


+ ps(1/mc)(A-p+p-A) Jw. (41) 
We find 
for Wi’: 
1 1 
pare f eat] —+—| 
A,* A* 
p:= p3=2 Inéd+2 In2, (42) 
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for Wi* (ist term) 


1 pkp i 1 2 
p= —> f |—+5+,} 
3/7 QA? A? A A_ 


p2= —Ind— § In2—i, 








(43) 
ps= —Ind— § In2—(5/12), 
for W,* (2nd term) 
k?dk 2 k4 
i le —2 =e ee ’ 
ai fa 3 J Q°A,A_ 
p2= —§% In2, 
(44) 
ps= —% In2+§. 


The integrals appearing in each p; are logarith- 
mically divergent. Q and A+ are as given in (35). 
The range of integration is from 5u(6~1/137) too. 
If now we evaluate the integrals without taking 
special precautions because of their divergent nature 
we find the following values: 


pu= f (dk/Q)-2 Iné—2 In2—3, 
pu=—4 f (dk/Q)+4 In2, 


int f (dk/Q)—} n2+3. 


We note, of course, that the divergent integrals 
cancel. We now add the terms and use the Pauli 
approximation : 


2u(e-A)y=[A-p+p-A+ho-H]w. 


We now find that we may write, for the level shift, 


af—eh a 
AW* -—|—«8] ——[ée-A]w. (45) 
2arL 2mc wy Or 


We thus get once again a/2x Bohr magnetons for 
the surplus magnetic moment of the electron. The 
magnetic moment term in the level shift is therefore 
invariant or in terms of (25) we have c3;=c,4. (Note 
that the Pauli approximation which we have used 
does not distinguish between $e-H and o-H.) 
However comparison of (45) with the electrostatic 
level shift (39) shows that the condition ¢;=Cc2 is 
not satisfied. This can be easily remedied by a 
better treatment of the divergent integrals ap- 
pearing above in the p,’s. We shall use the rela- 
tivistic cut-off procedure described by Feynman.® 
For our purpose this may be described as follows: 
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In every integral appearing we replace k by 
w = (k?+*)! wherever k represents an energy: We 
now evaluate the integrals for the two cases: \=0 
and ) large (say not smaller than 137). In doing 
this we take K as the upper limit of the integration 
where K> . We then subtract the result for large 
\ from that for \=0 and then allow K-~. 
Finally we may allow \-> ©. 

A little consideration will show that if an indi- 
vidual integral is convergent this procedure will not 
change its value. Thus the results of IV will be 
unchanged. We must consider the divergent inte- 
grals in AW* (magnetic case). For \=0 the values 
will be as found before with an upper limit K on 
the integrals /fdk/Q. For large \ we have 
A+—(k+w), Qk, dk/k-dk/w and thus kdk 
—(kdk/w). 

Then each separate integral in W,’ and the first 
term of W:* becomes 


f [k*dk/w(k+w)?]=J, say. 
é 


The total contribution of these terms for large \ is 
thus 
a/2mr(ea: A) {(8/3)L1}. 


The structure of the integrals in the second term 
of W:* is different. For these integrals come from 
termsinvolving L =[2ck/E(p—k)+E(p’ —k) ]~w/k. 
Thus each integral here becomes, for large A, 


f [kdk/(k-+w)?] =I» say 
é 


and the total contribution for large \ is 
a/2m(ea- A) { —(8/3)I2}. 


Thus we must subtract from AW* given above (Eq. 
(39)) the following term 


4a/3a(ea: A)w{Ii—I2}. 


I; and J: are easily evaluated. Neglecting terms 
which do not contribute in the limit we find 


I,=} In(2K/d) — ye, 


(46) 


I, =} In(2K/\) — x, 
I,-Th=—}. 


(47) 


The term to be subtracted from AW* is then 
— (a/6m)(ea:A)y. We thus get 

AW* =a/2a[ — (eh/2mc)o-H | (48) 
giving in (25) ce=O=c, and clearing up the dif- 
ficulty of non-invariance. It might be noted that the 
divergent terms which enter the calculation involve 
only the operators U=V or —ea:A and thus any 
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error due to improper handling of divergent in- 
tegrals will result only in a violation of the condition 
¢1=C2 in (25). An error of this sort can be corrected 
by simply omitting any V and ea-A terms in the 
result. 


VI. COMPARISON WITH OTHER WORK 


The results derived here are in agreement with 
those of Kroll and Lamb.® Standard perturbation 
procedures are used in both papers. Kroll and Lamb 
do not introduce a mass operator however, but cal- 
culate instead the value of the perturbation energy 
(1) and omit afterwards all terms independent of 
the external electrostatic field. Their treatment of 
the ambiguities differs from ours only in the fact 
that they do not use their own methods to calculate 
the energy shift in a magnetic field but use the 
criterion that the surplus magnetic moment in an 
electrostatic field should be equal to that pre- 
viously measured by Kusch and Foley” and cal- 
culated by Schwinger.® 

An expression for the level shift has also been 
derived by Feynman.® His procedure differs from 
that used here in that the ambiguities in handling 
the divergent quantities which normally appear are 
removed by introducing a relativistic cut-off. For 
processes in which the actual value of the Feynman 


2 P, Kusch and H. M. Foley, Phys. Rev. 72, 1256 (1947). 
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cut-off is unimportant (e.g., the level shift), his 
results should agree with ours. Apart however from 
the non-exchange level shift AW% (the Uehling 
terms given by (17)) which Feynman deliberately 
omits, there is a discrepancy, of value §(a/3z) 
xX (h/mc)*[V? V_]w, between the two values (Eq. (39) 
above and Feynman’s Eq. (19)). This is due to an 
incorrect joining of Feynman’s result with the 
non-relativistic result of Bethe. In order to join at 
a momentum ko, Feynman introduces a small 
light quantum mass \ and then integrates down to 
k=0. The correspondence between A and hp is 
given as Inh=1n2k)—1. Examination of AW (34) 
shows that the correct transformation is In\ 
=In2ky—% and when this is applied to Feynman’s 
Eq. (18) the result agrees with the exchange level 
shift given above. 

The formalism introduced by J. Schwinger," in 
order to express quantum electrodynamics in a 
more obviously relativistic form, leads to results 
identical with ours for the electromagnetic level 
shift. 

The authors wish to thank Dr. J. Schwinger and 
Dr. R. P. Feynman for many valuable discussions 
concerning this problem, and for the communication 
of their results before publication. The research 
described in this paper was supported in part by 
contract NSori, U. S. Navy Department. 


13 J. Schwinger, Phys. Rev. 74, 1439 (1948). 
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The quantum theory of a radiation field in an infinite dielectric medium is extended to include dis- 
persion. The Cerenkov radiation is discussed in terms of the théory both for the case that the medium 
is at rest and the electron moving and for the case that the electron is at rest and the medium moving. 
In each case the results agree closely with those of corresponding classical treatment. 





A. THE CLASSICAL FIELD EQUATIONS 


N the first two parts! we have discussed the elec- 
tromagnetic theory of dielectric media and its 
quantization. It was noted that this theory was not 
satisfactory for a treatment of many physical 
problems. In particular, the radiation emitted per 
unit time by a charge moving with velocity u>c/n 
in a refractive medium at rest is infinite. The reason 
for this is that we did not take into account the 
phenomenon of dispersion, which is a characteristic 
of physical media. In the present discussion we 
extend our results to include dispersion. 

In the coordinate system for which the medium 
is at rest the dielectric constant ¢ and the magnetic 
permeability » will now be functions of the fre- 
quency k° of the light wave that is passing through 
the medium, or 


e=e(k°), w=p(k°). (1) 


The field vectors will then be related by the equa- 
tions 


D=(2r)- f d*kE(k)«(k°)exp[ik-x], 


B=(2z)-3 f @kH(k)u(k°)exp[ik-x], (2) 


where k°=k/n (n=(eu)! is the refractive index of 
the medium) and E(k) and H(z) are the Fourier 
components of E(x,t) and H(x,t), respectively. 
Here and in the following the notation is the same 
as that of Parts I and II. 

In the case of a general coordinate system in 
which the medium is moving with the four-velocity 
(v,v°), the above equations must be generalized. 
We have 


e=e(v°k°—v-k), yw=u(v°k®—v-k), (3) 


1 J. M. Jauch and K. M. Watson, Phys. Rev. 74, 950 (1948) ; 
74, 1485 (1948). The notation in the present paper follows 
that of Parts I and II. Reference to equations in the first two 
parts will be given as ‘Eq. (8,I)” to mean Eq. (8) of Part I, 
etc. Greek indices run from 0 to 3, while Latin indices may 
have values from 1 to 3 inclusive. 


since ¢ and y are invariants. Here (k,k°) represents 
the wave number-frequency four-vector for a 
Fourier component of the electromagnetic wave. 

The field variables F,, and Gy, satisfy Maxwell’s 
equations (Eqs. (6) and (7) of Part I). Thus AK, 
can be expressed in terms of a vector potential ¢,, 
as given by Eq. (8,1) 2! 


F, w= Andy — Our. (4) 


However, to obtain the definition of G,, in ac- 
cordance with Eq. (9,I) we perform a Fourier de- 
composition of the field variables, setting 


bo() = (22)? f d*kQ.(k)exp[i(k-x—k°x)]. (5) 


Equation (9,1) is modified by putting «x=eu—1 
under the integral sign in the Fourier representa- 
tion. This equation may also be written as 


Gyy= Past { dev'qe—*) 


x [ Fue(x’)vn < ai Fyo(x’)o, ]v’, (6) 
where 


g(2) = (2x)-* f d'ee(v'”—v-k)exp[ik.z”]. (7) 


As it is not- possible with dispersive media to 
introduce yu as a multiplicative factor, we will find 
it convenient to introduce a new set of variables 
Hy, derived from the G,, by the relation 

Hy y(x) = (2m) | d*k(1/u)Gru(kexp[tkex*], (8) 
where G,,(R) is the Fourier transform of G,(x). 
Hy, will also satisfy Maxwell’s equation (7,1). 

It is apparent that the other equations of Part I 
defining the field variables can be expressed in a 
similar way by replacing functions of «x, say f(x), 
by the integral operator 


f d‘x’h(x—x’), (9) 
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where 


h(2) = (2) f Phi deutihatl. 


Thus Eqs. (10), (12), and (13) of Part I become 


x= 0%, van" f g(x—x')$,(x')d'x’, (10) 


Dae va f ge—x)or(w)de, (11) 


¢=V+0,0 f r(x —x')W7(x’)d‘x’, (12) 
where 


(2) =(2m)-4 f dk «/ (1+) Jexplikee"]. 


For the subsequent quantization of the field it 
will be convenient to generalize the canonical vari- 
ables r, of Eq. (22,1): 


x-(2) =G,%x) —g,%x(x)-+0,0" J dtx!q(x—x')x(x") 


and 


,!(x) = (2m)? f d*k(1/u)m,(R)expLikex*], (13) 


where 2,(k) is the Fourier transform of 2,(x). It is 
to be noted that 7,’ is related to x, as was A), re- 
lated to Gy. 


In order that these four-dimensional integrals 


may have meaning, we must suppose that they 
converge. It might be too restrictive to insist that 
our field variables vanish for large time intervals, 
so we shall restrict ourselves to x’s of such a form 
that all the integrals will converge. This restriction 
would seem to be physically reasonable in that one 
would hardly expect the state of the field at suffi- 
ciently great space-time distances to affect a par- 
ticular region of interest. We thus assume our «’s 
to be so restricted ; then the differential and integral 
operators commute. For instance, 


a, f g(x —x!)be(x!\d'x! = f g(x — 2) 8p! be(x)dbx' 


where 0,’ =0/dx’?. , 
Our field equation then is,? analogous to Eq. 
(11,1) 


faxToe—x)0,0" 
—q(x—x')d,'04d_'v? |W*(x’) =0. (14) 
* This equation can be derived by variation of the integral 


of the Lagrangean density which is obtained from that of 
Eq. (16,1) by replacing x-by the integral operator of Eq. (7). 
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It is also easily shown that ¢, and x (Eq. (10)) 
satisfy Eq. (14) when: ¥* does. 

Transforming Eq. (14) into k space by a Fourier 
transform.ation, we obtain the following condition 


on the k’s. 
kyk* — xvyv,k*k’ =0, (15) 


which is formally equivalent to Eq. (41,1). Formal 
solutions for k® are 


°v-k-+[ (1+ xv?) k?— «(v-kk)? 7 

he’ (ek) = [(1+ noo?) k? — x( yt 
1+ xv, 

cov kk —[(1-+ vo?) k? — x(v +k)? 
1+ xv¢? 


k= k(v°k°—v-k). 








ko’ (K,k°) = » (16) 


where 


(17) 


ko’ and ko” are functions of k and k® and define 
roots k’ and k” of Eq. (15) by the conditions 


ko’ (k,k’) =k’, Ro’ (k,k’’) =k”. (18) 


In order to further develop the theory it seems 
necessary to make some restrictive assumptions 
regarding the functional form of «. We shall not 
endeavor to find the most general functional forms 
of x under which our present form of the theory can 
be developed. Instead, we shall impose on « the 
following conditions which seem to be physically 
meaningful and which allow considerable simpli- 
fications. 

(a) The three functions x, e, and yp shall be real 
valued functions satisfying the inequality 1+«>0 
on the real axis. 

(b) «(z) and u(z) are analytic in a neighborhood 
of z=, 

(c) limx(z)—0, limy(z)—1. 


(d) x(z) =x(—2). 

(e) [1+«(z) ]z? is monotone increasing for in- 
creasing real positive values of z. 

The physical meaning of condition (a) is that the 
medium is non-absorbing. Condition (d) is necessary 
to insure the reality of the field variables. Condi- 
tions (d) and (e) imply that for each value of k 
there exist two real and distinct solutions of Eqs. 
(18). This can be seen immediately in the rest 
system of the medium where Eq. (15) becomes 


k=[1+4(k°) Jk”. (19) 


Since the right-hand side is monotone increasing 
with k°, there exist two real roots k’, k’’X0 for 
k?0 which satisfy the condition k’+k’’=0. In a 
general coordinate-system the roots are obtained 
from those of Eq. (19) by a Lorentz transformation. 
Since a Lorentz transformation is a continuous, real 
transformation, the new roots are again distinct 


and real. 
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QUANTUM ELECTRODYNAMICS 


If condition (e) were not satisfied, we could 
have photons of different energy for a given mo- 
mentum. This would not seem to involve any 
fundamental difficulty ; however, we have excluded 
this case explicitly in the present paper for reasons 
of simplicity even though it might be of consider- 
able physical interest. 

A further consequence of condition (d) is the 
functional identity 


k'(—k) = —k’"(k). (20) 


This equation is necessary in order that we may 
have real solutions of Eq. (14). That is, the solu- 
tions will be of the form 


jibe f aL A (k)expLi(k-x—k’x°)] 
+A*(—k)exp[i(k-x—k’x) J] 

- J RCA (Ik)exp[i(ke-x—k’x®) J 
+A*(k)exp[ —i(k-x—k’x) ]]. 


The fact that we have only two (real) solutions of 
Eq. (15) implies that the vanishing of x in Eq. (10) 
(the subsidiary condition) and its time derivative 
at all space points and at a single instant is suff- 
cient to make it vanish for all time. This may be 
readily verified by using a Fourier representation 
such as that used above. The conditions stated 
imply that the Fourier coefficients vanish. 

For later use we desire a D function analogous to 
that of Part I. We define 


exp[tk,y? ] 
kk? — xv°v"k, ka 





D(y)=+(2m)* | dth 


C=’ 


= +(2n)-+[ ae exp[7k-y | 





dk® exp[ —ik°y® ] 
J a (21) 


ko!) (k°— Rol’) (1+ xv02). 


where ko’ and ko” are given by Eq. (16) and are 
equal to our roots k’ and k’”’ when we substitute the 
value for k’ and k” into « in Eq. (16). The contour 
of integration is deformed at the poles k’ and k’”’ 
on the real axis as described in Part I. The contour 
is further deformed to avoid any contribution to the 
integral from singularities off the real axis. This can 
be done as we have assumed x«(z) to be analytic at 
z=, According to the residue theorem, inte- 
grating about the pole k°=k’ gives a term 


[(1 + ve?) (ke! — hol”) (1 — (dhe! /k°)) Jarme’ 


=1/2kAy, (22) 
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where the root k’ is inserted for k° into «x after the 
derivative is evaluated, as indicated. Here A and y 
are defined as 


A=[(1+ 100?) — xb? }}, 
y= (1 om (Oko /OR) xx’, 


k=|k|, and b=(v-k)k". (23) 


The expression for A is obtained from (k’—ko’’) 
using Eq. (16). The pole at k°=k” gives 


[(1 + xve?) ("” — hee!) (1 — (Ako!” /Ok®)) Toran 


On replacing k by —k this expression goes over into 
the negative of Eq. (22), since k’’(—k) = —k’'(k). 
Collecting the results, we can write the D function as 


D(y) =4(2x)% f (d*k/kAy)LexpLi(k-y—k’y")] 
—exp[—i(k-y—k’y®) ]]. 


This differs from that obtained in Part I only in 
the occurrence of the factor y and in that « is now 
a function of k. Since the D function has the prop- 
erties of a Green’s function, it will determine the 
manner of propagation of a light signal in the 
medium. In particular, we wish to so choose the 
contour of integration in Eq. (24) that the wave- 
front velocity of a light signal is just c, its vacuum 
velocity—a problem similar to that of Sommerfeld 
and Brillouin.’ ° 

In appendix I the following: results are shown . 
concerning the analytic structure of the quantities 
in the integrand of Eq. (24): 

(i) k’, A, x, 1/y, and yw are analytic functions of k 
in a neighborhood of k= for all values of the 
angular variables. 

(ii) k’ is an odd function of k, whereas A, x, 1/7, 
and yp are even in k. 

We first illustrate the problem by considering 
the propagation of a signal f(x°)(=0 for x°<0) 
initiated at the point x=0 at the time x°=0 in the 
coordinate system for which the medium is at rest 
(v=0). Consider the function 


(24) 


flxjx*) = ((2m)-8/2)i f (@*k/kny) 
XL f(k’)exp[a(k-x—k’x°) ] 
—f(—k’)exp[—i(k-x—k’x®) ]], 


where f(k’) is the Fourier transform of f(x°) and n 
is the refractive index of the medium. As m and y 


(25) 


3A. Sommerfeld, Ann. d. Physik 44, 177 (1914); L. Bril- 
louin, Ann. d. Physik 44, 203 (1914). A discussion — by 
J. A. Stratton, Electromagnetic Theory (McGraw-Hill Book 
Company, Inc., New York, 1941), p. 335. 
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are even and k’ is odd in k, we can write Eq. (25) as 
+00 
(fara!) = (2n)-*/2)i f (edb /m) fle’) 
x fae exp[1(k-x—k’x®) ] 


+00 
= (1/4) (1/1/28) [akg 


X [exp[ik’ (nr —x°) ]—exp[—7k’(mr+x°)]], (26) 
where r= |x|, dQ is an element of solid angle, and 
k=k'n. We have also used the relation dk/ny =dk’, 
which is demonstrated later (see Eq. (90)). Choos- 
ing the contour of integration to lie above the singu- 
larities of the integrand for outgoing waves and 
below the singularities for incoming waves, we see 
that f(x,x°) vanishes outside its light cones, or for 


|x| >|x®|. 


Going to the limit of an impulsive signal for which 
f(k’) =1, we obtain just the D function for the case 
v=0. When v0 we can expect the same result, 
as the light cones are invariant under a Lorentz 
transformation. However, we wish to investigate 
this general case in more detail. 

Consider the tensor 


Eae(y) = (2m) f aT s, 
Cc 


XLexpLikey’ ]/Lkpk*—«(v,k*)? J], (27) 
where IT), is a tensor which may depend explicitly 
on «x and yu, but does not otherwise depend on ,, 
and is non-singular as x0, u—1. C represents the 
particular contour of integration that we shall 
choose. Because of the covariant form of Eq. (27), 
a Lorentz transformation will give an equivalent 
expression in the transformed variables k,, v,, and 
yp. Since k, enters only in an invariant manner into 
the integrand, the contour C will transform into an 
equivalent contour in the new variables. 

As Ty, is assumed to involve only x and yu as 
variable quantities, we can perform the k®-integra- 
tion in such a manner as to avoid any contribution 
to the integral from the singularities of T,,. This 
gives 


Eaaly) = ((2x)-2/2)i f (dk/kAy)T n4(v°’ —V-k) 


XLexp[i(k-y—k’y®) ] 
—exp[—i(k-y—k’y°) }], 


as in Eq. (24). Again, since «JA, are even and k’ 


(28) 
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is odd in k, we can write this as 


+00 
Eae(y) =} (2m) f kdk { (d0/Ar)P 


Xexp[i(k-y—k’y®) ]. 


From our assumption that in the limit as kR-> 0, 
x0, and y—1, the integrand in Eq. (29) then goes 
over into that of the usual vacuum case. Thus on 
performing the angular integrations, we obtain two 
terms which behave asymptotically as simple in- 
coming and outgoing waves, respectively. Since 
the integrand is analytic in k in a neighborhood of 
k= @ before the angular integrations are performed, 
it will remain so afterward. Then choosing the k- 
contour above the singularities of the term that 
behaves asymptotically as an outgoing wave and 
below the singularities for the asymptotically in- 
coming wave term, we see that }>), vanishes out- 
side its light cones, or for 


ly| > |y°|. 


Replacing I, by unity in the above analysis gives 
just the D function. 
A further important relation can be established : 


(8/dy°)D(y) | 0 = 5(y). (30) 


(29) 


For 


Sant 


1 
x( 
1+ xv¢? 


The quantity in brackets can be written in the 
form 1+/f(k) where f(k)--0 as k-. The singu- 
larities of f(k) are among those discussed above, 
so the integral of the f(k) term vanishes, when we 
choose the contour above (or below) the singu- 
larities of the integrand for terms that behave 
asymptotically as exp(ik|y|)(or exp(— tk|y|)). The 
“1” term gives just the 6-function. 

When ‘the electromagnetic field interacts with 
an electron field whose current-charge density is 
j’, Eq. (14) must be generalized. Writing the field 
equation in terms of H,, defined by Eq. (8), we 


have 
8H = —} (32) 


making use of the subsidiary condition. That the 
subsidiary condition can be imposed in the case of 
interaction follows from the continuity equation 
07 =0, as in Part II. 











mallee (31) 


B. THE QUANTUM THEORY OF THE 
DISPERSIVE FIELD 


Our next problem is to develop a quantum theory 
of the electromagnetic field discussed in the first 
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section. In particular we shall suppose that there 
are N electrons at the space points Z,(m =1, 2, ---N) 
and shall develop the quantum dynamical theory 
of the interacting electron and electromagnetic 
fields. The coordinate representation of the electron 
field will be used for simplicity, as we are primarily 
interested in the quantization of the dispersive 
electromagnetic field. 

The dispersive field is of the non-localized type 
discussed by several authors.* That is, the field 
variables H™ depend on the values of the F“” not 
at a point but over all space-time. This introduces 
certain difficulties from the standpoint of the usual 
canonical development of field theories. Whereas 
we can still derive the field equations from the 
variation of a Lagrangian density,” we find that the 
space-time symmetry of the integral operators 
having the form given by Eq. (9) does not readily 
lend itself to an unsymmetric space-time canonical 
treatment. We must accordingly develop the theory 
along other lines. In discarding the energy-momen- 
tum densities of the canonical method we lose a 
prescription for constructing a Hamiltonian formu- 
lation but not quantities of physical significance, 
since these latter quantities occur only as the inte- 
grated form of the densities of energy and mo- 
mentum. Noting that the integral operators oc- 
curring in our theory are replaced by multiplicative 
factors in k-space, we can suspect that the theory 
can be more readily developed in a k-space repre- 
sentation. Therefore, we choose a development 
similar to that of Pauli® in discussing the )-limiting 
process, which will later be shown to be a special 
case of the present theory. 

We can write immediately the Hamiltonian for 
the WN electrons in the electromagnetic field, for it 
will be of the usual form: 


H, =H,+H’, 
where 


N 
H,= * (a-p»t+fm), 


n=1 


N 
Wee f jOd'x=T en($n)—a-6(2n))- (33) 


n=1 


Here ;*, the current density of the electron field, is 
P =D nen 5(x—Z,), with e, the charge on the mth 
electron, a*(k=1, 2, 3) the Dirac matrices, and 
a®=1 the unit matrix. Equation (33) clearly leads 
to the correct equations of motion for the electrons, 


*P. Dirac, Phys. Rev. 73, 1092 (1948); F. Bopp, Zeits. f. 
Naturforschung 1, 53 (1946); W. Heisenberg, Zeits. f. Natur- 
forschung 1, 608 (1946). The occurrence of the four-vector 
parameter v* in our theory represents a difference between 
these theories and that of the present paper. For this reason 
the method of treatment used here cannot be directly applied 
to the field considered by Bopp and Heisenberg. 

5 W. Pauli, Rev. Mod. Phys. 15, 194 (1943). 
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as these are the same as those for the usual vacuum 
case. 

It remains to quantize the field variables ¢° and 
to find the part of the Hamiltonian, Ho, corre- 
responding to the free electromagnetic field. We 
postulate commutation rules for this (non-inter- 
acting) field: 


tLor(x), be(x’) ]= Dre(x—x’), (34) 


where >°).= os are real c-number functions to be 
determined. As we are interested in a k-space 
representation, we introduce the Fourier decom- 
position of >>),: 


exp[tk.y’ | 
kk’ —x(v’k,)? 





Eae(y) = (2m) f d*RT s4(k) 


(2x)> 
=14 
2 





fr (k) LexpLi(ke-y—k’y® 
nae ro(k) Lexp[4(k-y—k’y®) ] 


—exp[—1(k-y—k’y®)]], (35) 
where [,,=I are real unknown functions of k 
yet to be determined. The last form follows if we 
assume that we can exclude any contribution from 
the singularities of T,, to the k°-integration, as will 
be justified from the final choice of that function. 
We note that this last form is consistent with the 
field equations (14). 

Performing a Fourier decomposition of the field 
variables ¢,, we have 


n= ((2n)-1/V2) f aRT(k) 


X [Aa(R)exp[t(k-x—k’x°) ] 


+A)*(k)exp[—7(k-x—h’x")]], (36) 
where 7(k) is a normalizing factor and the A(k) 
and A,*+(k) represent dynamical variables in our 
theory. The form of Eq. (36) is such that ¢y satis- 
fies Eq. (14) with the A, and A,* constants of mo- 
tion in the free-field case. From Eqs. (34) and 
(36), we see that if T(k) is 


T(k) =1/(kAy)}, (37) 
then the commutation rules for the A, and A,* are 


[Ay(k),Act(1)] =P re(k)5(k—I), 
[Ax(k),Ac(2) ]=[Aat(k),A-t+()]=0. (38) 


These are considered as the fundamental commuta- 
tion relations of our theory. 

There are a number of conditions which must be 
met by. the theory. Since we have imposed a sub- 
sidiary conditions x(x) =0 on the classical theory, 
we have now 


x(x)2=0, (39) 
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where © represents the state vector of the system 
in a Heisenberg representation and x is given by 
Eg. (10). In order that Eq. (39) may not lead to 
further subsidiary conditions, we must also have 


[x(x),x(x’)]=0 (40) 


hold in virtue of the commutation relations (38). 


Then 
(dx/dx°)2=0 


will follow from Eq. (39), as was shown in Part II. 
With interaction, Maxwell’s equation (32) will be 


[a,F—/pJo=0. (41) 


Also, the Hamiltonian and the commutation rela- 
tions (38) must be consistent with the field equa- 
tions (17,II), which are for the dispersive field 


d,H,— 9 f [5,28(x—x’) 


—0,vq(x—x') x’ (x!)dtx’ =j,(x). (42) 


q(x—x’) is given by Eq. (7), and x‘(x) is derived 
from x(x) by 


x! (2) = (2n)-* f dte(1 /u)x( expla] 


where x(k) is the Fourier transform of x(x). Collect- 
ing the terms in Eq. (42) which contain a time 
derivative, we obtain just 7,’(x) of Eq. (13). Then 
we must have ; 


tL Ho,7,' |= —aHy+0s f [5,t6(e—2) 
—vyvkq(x—x’) ]x’(x’)d*x’ (43) 
and 
iLH ‘ty | =ju- (44) 
Since the time-dependent operators Ay, A,t are 
constants of motion when there is no interaction, 
it follows that 
i[.Ho,A(k) ]= —ik'Ay(k), 
4[ Ho,Ayt(k) |] =tk’Ayt(kR). (45) 
These equations imply that H® must be a quadratic 


function of the A’s determined to within an additive 
constant to be of the form 


— f dtkk'[-P(Ax(R)A,*(k) 
+A,+(k)Ax())], (46) 


where ‘],,='T,a is determined from Eqs. (38), (45), 
and (46) by 
Taal *? = 6)". (47) 


A principal axis transformation on the quadratic 
form in Eq. (46) will also diagonalize the commuta- 
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tion rules (38). It is thus seen that the eigenvalues 
of Ho are of the form (w+1)k’ where 7 is a positive 
integer (or zero) as usual. The corresponding field 
momentum vector will be 


p=} f dE (A n(R)A (hk) +4 +(R)Ad(R)) J. (48) 


Writing the four-vector (P,Ho) as P*, we see that 
the expectation value for this operator for any 
state is of the form 


Pra > (£)(me(b) +4, (49) 


k o=l 


where k*=(k,k’) and n,(k) represents the number 
of photons in the k’th momentum state with “‘po- 
larization” along the o’th principal axis of the 
quadratic form in Eq. (46). 

We also note that if F(x) represents any of our 
field variables, 


tL F(x), Py ]=0F (x) /dx* 


because of Eq. (47). 
Equation (43) is satisfied in virtue of Eq. (45). 
To satisfy conditions (40), (41), and (44) we 
choose 


(50) 


Tyo(R) = [gro t+ (K/ (1+ «)) anv Ju. (51) 


These commutation relations are now formally 
equivalent to those 6f Parts I and II except that 
the factor yu is explicitly introduced, since the eigen- 
values of the Hamiltonian give the energy directly 
in the present paper, in contrast to Parts I and II, 
where the energy was multiplied by the factor y. It 
is readily verified that Eq. (40) is satisfied by Eq. 
(51) if one expresses x(x) as a Fourier series in the 
A’s, as is done in the next section. 

As we have assumed «(z) and u(z) to be analytic 
in a neighborhood of z= ~, it follows that we may 
perform the k°-integration as indicated in Eq. (35). 

Since the commutator of the field variables given 
by Eq. (34) is of the form of Eq. (27), we may con- 
clude that the field variables commute at points 
outside each other’s light cones. 

That the commutation rules (44) hold in the non- 
dispersive case was shown in Part II, except that 
the factor » was explicitly introduced. In the dis- 
persive case the commutator in Eq. (44) will have 
the same form as for the non-dispersive case, except 
for the factor of 1/y in the integrand, and that «x 
is no longer constant. We are thus led to integrands 
of the type given in Eq. (31), which give a 6-func- 
tion as was the case for Eq. (31). 

We now have the complete Hamiltonian for our 
dynamical system. It is of the form 


H=H,+Hot+H’, 


(52) 
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where the terms on the right-hand side are defined 
by Eqs. (33) and (46). By forming the commutators 
of H with the field and electron variables we obtain 
the field equations (32) as well as the differential 
equations describing the electron motion when we 
apply the subsidiary condition. 


C. ELIMINATION OF THE LONGITUDINAL 
COMPONENTS 


Just as in the case of the non-dispersive theory 
(Part II), we can eliminate the longitudinal com- 
ponents of the field by making use of the subsidiary 
condition. Since we are developing the theory by a 
momentum space representation, we must find the 
subsidiary condition in momentum space. Expand- 
ing x(x) of Eq. (10) into a Fourier series, we obtain 


x(k) =k°A,—xv,k’v’A, (53) 


and its complex conjugate as the expansion co- 
efficients, if we drop the multiplicative factor iT (k). 
In the absence of interaction the subsidiary condi- 
tion is 

x(k)Q=0 and xt(k)Q=0. (54) 
With interaction, Eq. (54) must be generalized to 


LOQ=0, (55) 
where 


L=x(k)+f. (56) 


The quantity f is uniquely determined’ by the 
condition that 


(dL /dx°)2=i1LH,LjQ2=0 (57) 


must be a consequence of Eq. (55). Using Eq. (33) 
the quantity f turns out to be 


f= eal (2x)-1/V2 WT Wexpl —i(he-24—H'2)] (58) 
as may be readily verified from the commutation 
relations 
tL Ho,x(k) ]= —ik'x(k), 
tL,(2n), x(k) ]= —t[(2m)-4/v2 ]T(k) uk, 
Xexp[ —i(k-z,—k’z°) ], 
t[Pn,L(k) |= —4[(2m)-1/v2 JenkuT (k) 
Xexp[ —i(k-z,—k’2°) ], 


where pn, = (1/2)(0/0z,). 
The elimination of the longitudinal components 
is straightforward and may be done directly in 


(59) 


terms of the A’s. It seems to be simpler, however, 


to introduce emission and absorption operators 
obtained from diagonalizing the commutation rules 
(51). The elimination then proceeds in a manner 
almost identical with that used by Pauli.’ 
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Introducing the three unit vectors e:(k), e2(R), 
and e;(k) of Eq. (61,1), we define a set of operators 


a, by 
(A-e:) =a, 
(A-@2) =[A/(1+x)* Jas, 











3 KbU9 ao 
(A-e3) = -(+ — 
(|1—xb?|)} (|1—x«b?|)47 A 

abk ae 

+ = 8 

(14x)? A 

(|1—xb?|)} Kao 
Ap= (2 aot a2, (60) 
A A(i+«)? 


where a=v-e€:, b=v-e;, and wherever the (+) sign 
ambiguity occurs, the (+) sign is taken when 
xb? <1 and the (—) sign when «b?>1. The commuta- 
tion rules satisfied by the a’s are 


[ay(k),a,*(2) ] = g>.45(k —1) 


(all other combinations commuting) for «b?<1. 
When xb?>1 the commutation rules for a3 and ap 
are interchanged. These become 


[as(k),es*(/) ]= —nd(k—]), — 
Loo(k),co*(/) ]= +4d(k—]). (61’) 


Then according to Eqs. (46) and (47) H» becomes 
Ho= Ho" +H", (62) 


(61) 


where 


P 1 2 

Hy" = “fee w/)| > (avait+atar) | 

ral 
1 
Hy!" = (4), fare’ /w [asa3t+astas 

—apact—agtag]. (63) 
Again the (+) sign is to be chosen according to 

whether «b?=1. x(k) becomes 
x(k) =g(a3+ao), 


where g=Ak’/(|1—xb?|)!. 
H,!"£ can be written in terms of L as 


(64) 


Holo = (t) f d*k(k' /ug) { (ast — a0 —f*)L 


+ (as—ao—f)L*+ 2oof*+2actf+2(ff*/g)}. (65) 


In virtue of the subsidiary condition, the terms 
involving L and L+ may be dropped. The inter- 
action term H’ can be decomposed into 


H’ =H,+H'™, 
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where 


Hi=—-¥ ena-[(2e)-4/v2] f d*RT(k)E (ores 


+(A/(1+x«)!)aces)exp[ —i(k-z,—k’2°) ] 


+comp. conj.] (66) 
and 


Hie = —¥ ef (2n)-3/V2] f d*kT (k) 


x{[e-cutaen+ (2?) 


KQV9 
+a fexpli(he-2,—#'2)] 
A(i+x«)! 


+comp. con}. (67) 


Here A-e; is understood as being expressed in 
terms of the a’s by means of Eq. (60). Comparing 
Eqs. (65) and (67), we see that the a» terms in 
H,'°"€ just cancel the ao terms occurring explicitly 
in Eq. (67). 

We now replace p, by p,’, where 


ps! =Pa—ena-((2x)-Y2) [ae T(RDen|| A-es 


abx 


— pit perl ta #9) 


+comp. conj. } (68) 


But we see that 
i[p,’,L |=0, 
i[ pn’, ]=09¢"/dZn, 
iLpn,’ 2m; ]=5ij5am, 
and 
1LPn’ Pm’ ]=0. (69) 


The last relation holds in virtue of our choice of 
contour of integration which makes the field poten- 
tials commute at different space-points. But one 
can take the observable p,’ as (1/2)(0/0z,) because 
of the relations (69) after the subsidiary condition 
has been applied. Hereafter, we drop the prime on 
Pr. 
Collecting our results, we see that the Hamil- 
tonian becomes 


H=H,"+H,+He+Mt+Ae+H;, 
where H; is given by Eq. (66) and 


(70) 


(2x)-* 





Ho=(+) f dk (k' /u) (ff*/e) = 


2, Cilte 
nim 


d*k w(1—xb*) 


an ae exp[tk-(Zn—Zm)] (71) 
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is the Coulomb interaction. H» is the last term in 
Eq. (67) and is 


(2x)-3 KQV9 
in te, d%T(4)—_—— 
Lens J Cade 


X [ae exp[z(k-z,—k’z°) ]+ comp. conj. ]. 





(72) 


H; comes from the part of A-e; in Eq. (67) that 
was not included in p,’ in Eq. (68). 


H,=-> ene-[(2n)-1/V9] f dtkesT() 
X [ab«/A(1+x«)? ]Las exp[i(k-z,—k’2°) ] 


+comp. conj.]. (73) 

Because of the form of the contour of integra- 
tion, we can evaluate the integral giving the Cou- 
lomb energy in Eq. (71). If we drop the terms in 
Eq. (71) for which »=™m, we can rewrite it as 


(2x)-8 a*k up xbv 
He= 7. extn { —— 1+) 
4 = Rk? Ay A 


X Lexp[tk- (Zn —Zm) ] 
+exp[ —ik- (Zn—Zm) ] ]. 


We assume that the quantities x and yp are non- 
singular at the origin in k-space. We can then dis- 
place the k-integral below the origin by a small 
semicircle, since this Won’t change the value of the 
integral. Performing the angular integrations we 
obtain terms that behave asymptotically with kR— « 
as simple positive and negative exponentials in 
tk|Zn—2m|. Since the contour is chosen above the 
special singularities caused by functional depend- 
ence of « and uw for the positive exponential term 
and below the singularities for the negative ex- 
ponential term, we can shrink the contour to a small 
circle enclosing the origin for the former and a small 
circle below the origin for the latter term. The 
integral may thus be evaluated in a neighborhood 
of the origin in which «x and yp are effectively con- 
stant, having the values. 





(74) 


Ko=K| kao, Mo=p| kao. 


We also have y=1 when k=0. The xobvo/A term 
will vanish on performing the angular integrations, 
as it is odd in k. For simplicity, we assume that v 
is parallel to the z axis. Then set 


1+x ; 
lL=k,, ly=ky,, 1.=( ; ) kz, 
1+ Kovo? 


£,= (2.—Zn)s; fy= (24 — Zan) y» 


1+ Kove? 4 
e=( ) (Zn—Zm) z- 
: 1+ ko 
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Thus 


fra fer cos@ 
¢ P 


4 


be J ate| ——]- ane (75) 


where &=|é|. 
Returning to a general v direction, we have 


1 
He=— zz CnOm { (Zn —Zm)?(1+ Ko) 


2a 
4a n>m (1 + KqUo")* 
+ KoLV-(Zn—Zm) }?}—#. (76) 


For the coordinate system in which v=0, this 
becomes 


He=(1/41€0) XY en€m/|Zn—Zm| (77) 
n>m 
where €9=€|x-0, the static value of the dielectric 
constant. H¢ is thus seen to be the same for a dis- 
persive as for a non-dispersive medium, which is 
consistent with the notion that it represents a static 
interaction. 

This completes the formal development of the 
theory. Before applying it to some examples, we 
must show its relation to the canonical treatment 
of Parts I and II in the limit of non-dispersive 
media. We shall find, as a matter of fact, that there 
exists a canonical transformation which brings the 
Hamiltonian of Part II into the form of the present 
Hamiltonian when «x and yu are constants; and, in 
particular, the Coulomb energy (Eq. (48,II)) will 
reduce to just Eq. (76), which holds for both dis- 
persive and non-dispersive media. 


D. THE LIMITING CASE OF NON- 
DISPERSIVE MEDIA 


€, w, and « are now considered to be constants 
as in the first two parts. We wish to show that we 
can perform a unitary transformation to bring the 
Hamiltonian of Part II into the form of Eq. (70). 

Since the energy is multiplied by y» in Part II, 
and the quantity » does not occur in a simple 
manner, we will set it equal to unity to simplify 
the analysis. If desired, we could redefine the A’s 
so that u did not occur in Eq. (51), and then could 
show the equivalence of the two forms of H in the 
general case; however, the added complication is 
of no interest. 

The source of the apparent discrepancy in the 
two forms of the theory lies in the fact that in the 
first two parts we diagonalized only the transverse 
parts of the free-field Hamiltonian, whereas in the 
present discussion we chose operators a, that would 
diagonalize both the transverse and longitudinal 
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parts of the Hamiltonian simultaneously. The pres- 
ent time-dependent operators a, are thus constants 
of motion when there is no interaction, whereas the 
quantities a; and a2 defined by Eq. (71,1) have a 
rather complicated time dependence before the 
subsidiary condition is imposed. 

It is thus necessary to examine the relation be- 
tween the operators a; and az of Parts I and II 
and the operators a; and a2 appearing in the present 
treatment. This can probably be done most easily 
by expressing the operators P,(k) and Q,(k) of Eq. 
(57,1) in terms of the a’s by expressing the poten- 
tials ¢, in terms of the a’s according to Eqs. (36) 
and (60), substituting these into Eqs. (22,1) and 
then comparing the resulting Fourier coefficients in 
Eq. (57,1) with those of Eqs. (70,1). However, we 
don’t need the general expressions relating the a’s 
to the a’s, but just those which hold after the 
subsidiary condition has been imposed. We -then 
obtain 


a,(k) = a(R) 
kab (2m)? 1 
om 2 Cn 
A(1i+x)!vV2(AR)ik » 
Xexp[ —7(k-z,—k’2°) ]. 
But the transformation on a2 in Eq. (78) can be 


expressed as 
d2(k) = Sa2(k)S, (79) 





d2(k) = o2(k) + 


(78) 


where 

cabs (2)-? 1 
S=exp| - farl ant —-DYe, 
A(1+«)! vV2(AR)*R 2 


Xexp[7(k-z,—k’2°) |—comp. con} . (80) 





On performing the transformation (79) from the 
a’s to the a’s, the Hamiltonian is transformed as 


H(a)=S“H(a)S, (81) 


where A(a) represents the Hamiltonian of Part II 
and H(a) is the same function of the a’s. The trans- 
formation replaces the a’s by the a’s according to 
Eq. (78) in H(a) and also the momentum operator 
p, of Part II is replaced by 





(28)-! f de —xab 
C3 

v2 J (Ak)? A(1+x)! 

X [ae exp[t(k-z,—k’s°) ]+comp. conj.]. (82) 


Sp, S= Pn—en 


Comparing this equation with Eq. (73), we see 
that 


| sfx a-p.|S=¥ Pat Zs. (83) 
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On making the substitutions (78) into the Hamil- 
tonian of Part II, the Coulomb energy and HA of 
that section are transformed into the corresponding 
expressions (71) and (72). The equivalence of the 
two Hamiltonian forms is thus demonstrated. 

It is interesting to note that by means of a 
second transformation of the type used here that 
one can completely eliminate the term H2 from the 
Hamiltonian. In this case the Coulomb energy 
becomes equal to that of the classical theory, 
which can be directly obtained from Eq. (63,I]). 
This transformation is given in appendix II. 


E. CERENKOV RADIATION 


We assume that the medium is at rest and wish 
to calculate the Cerenkov radiation due to an elec- 
tron traveling with a velocity u, as in Part II. 
x, €, and w are now functions (k°)? only, and we have 


k® = k?/(x+1) (84) 


to determine k° as a function of k. As the angles 
giving the direction of k are not involved in x, A, 
7, etc., the choice of contour of integration is con- 
siderably simplified. We must, however, choose it 
in such a manner that we obtain a 6-function in 
spite of the 1/y term in such equations as (31). 
The singularities can be avoided by enclosing them 
in two boxes joined by a line crossing the real axis 
at a point P sufficiently far from the origin that 
the condition of energy conservation will make the 
integrand vanish before we reach it in the final 
integrations. The probability per unit time for the 
emission of a photon of momentum K is, as in Eq. 
(79,11), 

dP = 2ndpr|Hi|*)w. (85) 
(|H;|*\w is given by Eq. (80,II), except that yu 
occurs to the first power only (as we are not now 
multiplying our energy by u) and that y (Eq. (23)) 
occurs in the denominator. We suppose that the 
initial electron momentum is p and that after emit- 
ting the photon its momentum is p—k. The initial 
and final energies are, respectively, 


E,=(p?+m")!, Er=(k/n)+[(p—k)?+m*]}}, (86) 
where n=(x+1)! is the refractive index. We find 
that energy and momentum conservation give 
(Eq. (92,IT)) 

cos#=[E,/pn]+[«/(«+1)]Lk/2p], (87) 
where 6 is the angle between k and p. 

The density of states is, as before, 
dpr=k?(dk/dEr)dQ, (88) 

where dQ is the element of solid angle into which k 
is emitted. But 


dEr/dk =(d(k/n)/dk | 
+(k—p cosé)[(p—k)*+m*}#. (89) 
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v (Eq. (23)) is defined as 


y=1—k(d(1/n)/dk’). 
Thus 
dk’ /dk =d(k/n)/dk =1/ny (90) 
in Eq. (89). Using the value of cos@ from Eq. (87), 
we obtain, assuming kX), 

















dk «+i 2E yf 1—72E,«+1iT' - 
= 1+ . (91) 
ee WR, cee on 
Similarly, we obtain 
dcos@ is [ 1- 1-7 2E, k+1 
1+ | (92) 
dk 2px+il kk 


which is valid when kp. Combining results, we 
have 


1 u 1 \dk 
ap =——~e(1-—.) as, (93) 
2 4x? nu?! ny 


where ¢ is the azimuth angle. The rate at which 
energy is radiated is. 


an _ eu 
raf (1-— k'dk’ = (94) 
a re ioe 


since dk'=dk/ny. This agrees exactly with the 
classical results of Frank and Tamm (references 
are given in footnotes 3 and 4 of Part II), except 
that they took »=1. In this integral n? can be 
expressed in terms of the frequency k’ rather than 
k, which simplifies the integration. The integration 
in Eq. (94) can be performed entirely along the real 
axis, since n’u?<1 before we reach the point P at 
which the real axis may be cut. 

We would like now to investigate the behavior 
of a charge at rest in a medium moving with veloc- 
ity u>c/n. This is essentially the study of Cerenkov 
radiation in the coordinate system for which the 
electron is at rest. We must first modify the classical 
treatment of Part II to conform with a variable x. 
We can start with Eq. (76,II); however, u will 
now occur to the first power instead of the second, 
as the result of our dropping the factor u in the 
definition of the energy. « is a function of 


2=v°k°—v-k, 
but in the present electrostatic case k°=0 so 
x= k[(—v-k)?] (95) 


and similarly for ¢ and uw. When x?<1 for all 
values of k, the self-force vanishes as before. Other- 
wise we have an equation of the type (77,11). How- 
ever, on integrating over the angles, the dependence 





~~ 


us 
dk 


ar 
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of x on the angles gives us an additional factor 


1 1k dk 
Y sxk/ (a)? 


2 (x)! ds 
where z has been written for —v-k and is set equal 
to k/(x)* after the derivative d«/dz is evaluated. 
Then the self-force is given by (Eqs. (77,II) and 
(78,11)) 


(96) 





e? uw (xv?—1) kdk 
F-—v [ ‘ 
4n J kt+1 xv oy’ 


We now turn to the corresponding quantum- 
mechanical treatment of this problem. The treat- 
ment is very similar to that of Part II. We calculate 
the transition probability for the emission of a 
photon of momentum k by an electron at rest in 
the moving medium. We can assume that kXm 
(since dispersion is assumed to cut off the integrals 
to satisfy this condition). This probability is (Eq. 
(99, 1I)) 





(97) 





dP’ =2ndpr(| H2|*)w, (98) 


where H? is now given by Eq. (72). If the electron 
is initially at rest, it has a momentum —k in the 
final staté. In working out the condition for energy 
conservation, we may expand in powers of k/m, 
keeping only the lowest powers, except that «x 
must not be expanded as it is assumed to be a 
rapidly varying function. We*thus obtain, as in 
Part II, 


cosa —[v/2mv ]k —[1/(xv?)*] (99) 


for the value of the angle between k and v. Since x 
isa function of z=v°’ —v-k, this is only an implicit 
| equation for cosa. Equation (99) is obtained from 


Er=(k?/2m) +k’ =0, 


where Er is the energy of the final state. For y 
(Eq. (23)) we have 


y= 1—(dko'/2k’) 1 + 3(k/(x)!) (dx/dz) 
using Eq. (99). From these results, we have 
dk/dEr=2m/k1—[2m/k ] 


(100) 


XL(y-1)/yJL1/(«) J (101) 
and 
d cosa/dk= —[v°/2mv ][1—[2m/k] 
XLE(y—1)/yJL1/(«)v° J]. (102) 
Then 
dpr=k?(dk/dEr)dQ=—kdk(v°/v)dd, (103) 


where ¢ is the azimuth angle. Finally 


(| Ho |*)w = [e*u/2(2m)* [1/09] 


XL (xo? —1)/()Mx+1) J[1/y], (104) 
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so 


dP! =[e?/2 (1/42? }[u/(1 +) («)#] 
X[1/y]Ldk/v](xv*— 1)d¢. 


The force on the electron is ~ 


(105) 


F=-— (w/o) fe cosadP’ 


=(#/4e)v f [(x0®—1)y/(1-+x)«0*]Ckdk/y]. (106) 


We see that this agrees exactly with the classical 
result (97) in our approximation, as s=v%’—v-k 
~(k/(x)#); and thus y’=y, as can be seen from 
Egs. (96) and (100). That the contour of integra- 
tion is along the real axis in Eq. (106) follows from 
arguments similar to those given for the preceding 
example. 

It is apparent from the two examples discussed 
above that applications of the theory may not be 
as complicated as would appear from its general 
formulation. Thus in simple radiation processes 
such as those considered it is not necessary to solve 
for k’ and « as functions of k in general. Rather, the 
conditions for energy and momentum conservation 
may lead to quite simple results as is seen above. 
For instance, if we chose a simple relation for «x 


such as 
x=constant/(1+ Ak’) (107) 


in the discussion of Cerenkov radiation (when 
v=0), we would find the k’ had eight branch points 
in the complex k-plane. ¢, » would have consider- 
ably more, including several poles. By our treat- 
ment we need never solve for k’ as a function of k, 
but can substitute Eq. (107) directly into Eq. (94). 


F. THE 4-LIMITING PROCESS 


If we set eu=1, then «=0 and the medium ve- 
locity no longer appears explicitly in our equations 
for the field variables or in the Hamiltonian. Its 
only occurrence is in ¢ and wu, so we may treat it 
as an arbitrary parameter. In particular, we may 


set 
e(v,v°) = (,A°) 


where e is a number. 

Then if we take ~=cos(k’A°—k-2), our theory 
becomes equivalent to the A-limiting process. For 
instance, the commutation rules (38) become 


[A,(k),A u+(L) ] = gy cos(k’)°—k-2)5(k—I). 
G. CONCLUDING REMARKS 


(108) 


We have given a formal extension of the quantum 
mechanics of the electromagnetic field. This gen- 
eralization was obtained by subjecting the classical 
phenomenological field equations of Maxwell to 
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the process of quantization. In doing this it is no 
longer possible to maintain the principle of rela- 
tivity. This is only natural since a ponderable 
medium introduces automatically a preferred co- 
ordinate system, namely, the rest system of the 
medium, and there is no objection to this from a 
physical point of view. 

It might appear to be worth while relaxing some 
of our restrictive requirements on the functional 
forms of « and yp in order to apply the theory to the 
vacuum case. However, in doing this it seems to 
be impossible to avoid conflict with the relativity 
postulate. This conflict would not be of the ‘‘crude’”’ 
type which could be detected by a Michelson- 
Morley experiment or similar arrangement, since 
the kinematics is that of the Lorentz group. How- 
ever, there might occur results for certain scatter- 
ing cross sections which would depend on the ab- 
solute motion of the coordinate system. A conse- 
quence of this sort is of such a radical nature that 
we do not yet feel justified to propose a phe- 
nomenological electrodynamics for the vacuum. 
The same reason prevents us from applying such 
generalized theories to meson fields. 


APPENDIX I 


We must justify our being able to choose the 
contour of integration in such a manner that we 
can avoid undesirable contributions to the integrals 
in k-space. arising from the special singularities 
caused by the dependence of ¢, uw, and « on k’v® 
—v-k. We have assumed that e and uw approach 
unity and x->0 as their arguments become infinite, 
and that these quantities are all analytic in a 
neighborhood of the point at infinity. Writing 
1/z=k'v°—v-k, we have 


L 
k=) aye"? (A1) 
p=l 
as an absolutely convergent series in a certain 
neighborhood of z=0. Furthermore, we may expand 
the quantity ko’ of Eq. (16) into an absolutely con- 
vergent series in x, when x is sufficiently small, 


a= 1+ beet) af 14 . cat] (A2) 


m=1 
by inserting Eq. (A1) into the first equation in 


(A2). The final power series in (A2) is again abso- 
lutely convergent for sufficiently small z. Finally, 


s=1/(¥'o!—v-k) =1/e c1/(-0) 


+5 aus] (A3) 


n=1 


K. M. WATSON AND J. 


M. JAUCH 


is obtained by using Eq. (A2). The coefficients d, in 
this equation will be expressed in terms of the 
coefficients cm of Eq. (A2), which in turn will be 
expressed in terms of the coefficients a, of Eq. 
(A1). The right-hand side of Eq. (A3) is again 
absolutely convergent in some region about z=0, 
By means of successive approximations, we can 
solve Eq. (A3) formally for z as a function of &. 
We obtain 


= [1/b(o—D)]+¥ A(l/P). (A4) 


We must prove that the expression given by 
Eq. (A4) converges to the solution of Eq. (A3) 
for large enough k. We have when |z| <Q, where Q 
is some suitable positive lumber, 


DX |p| |2|2*?<D 
p=1 


(D is some positive number) by hypothesis. Now 
let us assume that the m—1th approximation, 
Zn—1, is such that 


lZn1| <Q’ <Q. 


| 0’ dy(en—1)??| <D, 


Then 


where >’ means the summation used in finding 
the nth approximation (in which all powers of z 
higher than the mth are dropped). Then 


[gn] <[1/kJL(1/(°—6)) +D] <Q’ 
when k>[1/Q’][(1/(v°—5))+D]. (AS) 


But this means that all the approximations are 
bounded and within the circle of convergence of 
Eq. (A3) (since the first can be so chosen) when k 
satisfies Eq. (A5). But since z, differs from 2,-1 
only in powers of k greater than the (n—1)th, we 
can conclude that 


lim|2n—Zn—1| =lim| 0 dp(2n-1? >2n-2”) | =0. 


nO p=n 


Thus Eq. (A4) converges absolutely for values of k 
satisfying Eq. (A5). 

Then «x, A, k’, and 1/y occurring in the integrals 
in k-space can all be expanded into convergent 
power series in z, and thus in k~ for sufficiently 
large k. It should be noted that it is easily verified 
that we can make the substitution of Eq. (A4) into 
absolutely convergent series in z to obtain con- 
vergent series when & is sufficiently large. It is also 
seen that the coefficients in these power series, which 
involve the angles, have no singularities (as k’v® 
—v-k>0 for real k>0). The angular integrations 
can be performed, leading to analytic functions of 
k as coefficients of the power series in k—'. Thus the 
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integrands involving the final integration over k 
will be analytic in a neighborhood of k= ~. 

Turning to Eq. (A3), we note that replacing k 
by —k and z by —z leads to the same equation, 
so z must be an odd function of k. From Eq. (A2), 
we see that k’ is also an odd function of k. Equation 
(A1) shows that «x is an even function of k. Also A 
and y are even functions of k. 


APPENDIX II 


It was noted above that it is possible to eliminate 
the Hz term (Eq. (72)) entirely from the Hamil- 
tonian by means of a unitary transformation (we 
assume that the medium is non-dispersive for 
simplicity). This transformation is 


a2=T—gT, (A6) 


where g is an operator satisfying the same com- 
mutation rules as a2. Here T is 


Taghe™s (A7) 
with 
D=> eal (2x)-!/v2 ][xavo/A(1+«)*] 
x [1/(Ak)?][1/k’ Jexp[ —i(k-z,—k’2°)]. (A8) 


This leads to a Coulomb term 


He=> [1—(«/(1+k)) 00? Jenem¥°(Zn—Zm) (AY) 
n>m 

in agreement with Eq. (70,11). Here W® is defined 

by Eg. (59,II). We thus see that our Hamiltonian 

can be put into the form given by the classical 





1261 


theory. (There are some extra c-number vector 
potential terms, as in Eq. (70,II).) 

It is rather curious that the term H;2 can be so 
eliminated. When «v*>1, Wz) is infinite every- 
where on a cone (Eq. (68,II)), whereas in the pre- 
vious forms He is finite except at points 2,=2m. 
In the calculation of the self-force on an electron 
at rest it was shown that H2 was physically mean- 
ingful (as it accounted for the force). However, 
when we perform the transformation (A6) and if 
we discard the infinite self-energy electrostatic 
term corresponding to n=m in Eq. (A12), we lose 
entirely the effect of Hz when only one electron is 
present. This paradox occurs because it is not al- 
ways a consistent procedure to discard infinite 
terms just because they are infinite. It is to be 
recalled that in calculating the self-force classically 
in Part II that it was necessary to assume an ex- 
tended source model for the electron, then to let 
the radius of the source approach zero after the 
self-force was calculated. Were we to assume an 
extended source model also in our quantum theory, 
then }on>m in Eq. (A9) could be interpreted as an 
integration over the charge elements. The self- 
force would then be given by the expectation value 


of 
¥ pa=iLH, E pol, 


which must be in agreement with the classical re- 
sult. It appears that a discussion of the problem in 
terms of point charges (in either classical or quan- 
tum theory) must await a more complete theory of 
the role played by self-energy terms in electro- 
dynamics. 
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On the Vector and Pseudovector Theories of 
Nuclear Forces 
GENTARO ARAKI 


Depariment of Industrial Chemistry, Kyoto University, Kyoto, Japan 
February 24, 1949 


N the previous letter! I showed that the two-nucleon 
potential given by the pseudoscalar meson theory involves 
neither a r~* singularity nor a divergent integral but has only 
a r~ singularity. The reason for this result was that, in a 
non-relativistic approximation, the pseudovector interaction 
between mesons and nucleons is the same as the pseudoscalar 
one multiplied by a factor 2M@/u where M and yw are the 
masses of a nucleon and a meson, respectively. Thus it may 
be imagined that such a result does not hold in the case of 
the vector or pseudovector meson theory because one of the 
interactions in these theories is of a six-vector type. 

However if we examine the procedure of deriving the 
potential we can find that the r~* term comes from the matrix 
elements of the same type in all cases of the above mentioned 
three theories. Namely, it comes from ‘the matrix element of 


(ko) (ko2) exp(—ikx) (1) 
x(k? + x?) 


where x is the relative position vector of two nucleons, and hk 
is the momentum of a meson in the intermediate state. The 
matrix element of this term is equal to that of 


2 
(*) “eo Te AD) 5p (2) 
on account of the relation (4) in the previous letter.! Therefore, 
the potential has still no r~* singularity in the cases of the 
vector and pseudovector theories either. 

The divergent integral due to the matrix elements of (1) is 
also eliminated whereas the direct interaction of a 6-function 
type due to other matrix elements remains unaltered. In order 
to eliminate the latter it is necessary to add its counter term 
to the Hamiltonian (or the Lagrangian) as has hitherto been 
done. In this way we have the non-relativistic, two-nucleon 
potential as follows: 





in the vector theory 

wa{oreonte( Yn} 7,  @ 
in the pseudovector theory 

Wa{ Poor (P-2)( Yom }r, 
where G, g, and f are the constants of the vector, six-vector, 


(charged theory) or %:%2/2 (symmetrical theory). As was 
shown in the previous letter,! they are equivalent to the 
hitherto well-known potentials in case of large r, but different 
from the latter in case of small r. Equations (3) and (4) 
are free from a r~* term but have only a r™ singularity. 


1G. Araki, Phys. Rev. 75, 1101 (1949); Prog. Theor. Phys. 3, 402 (1948). 
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and pseudovector interactions, and T is (1171) -+-72z2) /2 ° 
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Excited-State Bands in Atmospheric Spectra 


ARTHUR ADEL 
Department of Physics, Arizona State College, Flagstaff, Arizona 
February 23, 1949 


PROPOS of the temperature distribution of the molecules 
of a gas over their various energy levels, one may expect 
the absorption spectrum of a planet’s atmosphere to display 
certain bands arising in transition from excited states. The 
phenomenon has several times been observed and reported 
during the past fifteen years. Such, for example, are the 
methane bands at 8160, 8020, 6830, 6730, and 5840A in the 
spectra of Jupiter, Saturn, Uranus, and Neptune. They arise 
in transitions from the excited state vz and »4, and end ina 
series of upper states v3.1 
The low temperatures of the giant planets preclude the 
existence of more than a few methane molecules per million 
in any given excited state. This paucity is, however, compen- 
sated by the vast amounts of gas present in these atmospheres. 
In the earth’s atmosphere, by contrast, the phenomenon is 
revealed despite the comparatively minute gaseous envelope, 
by virtue of the higher temperatures and the accessibility of 
the longer wave-length regions of the spectrum. 
Thus, for example, the telluric carbon dioxide bands at 
9.40 microns and 10.41 microns are described by the excited- 


state transitions {7 pon Thirty lines of the 10.41 micron 


band have been identified in the grating solar spectrum, and 
also twenty-eight lines in the band 9.40 microns.? The ab- 
sorption spectrum of the earth’s atmosphere reveals also an 
extensive development of the 13.9 micron band of the carbon 


dioxide excited-state pair reo{2i Thirty-one lines of the 


positive branch have been identified. 

In view of these facts it would appear necessary to withdraw 
the recent statement of Mohler, McMath, and Goldberg,‘ 
that their current identification of one of the group of carbon 

* Sve 
dioxide bands v2—>v3+ {eet nf at 2.08 microns “‘is of signifi- 
vet2n 
cance in that it represents the first evidence for absorptive 
transitions from an excited molecular state in the earth’s 
atmosphere.’’4 
1 Arthur Adel and V. M. Slipher, .. Ber. 47, 651 (1935). 
2 Arthur Adel, Astrophys. J. 94, 379 (19 at 


3 Artuur Adel, Astrophys. J. 94, 375 (1941) 
4 Mohler, McMath, and Goldberg, Phys. Rev. 75, 520 (1949), 





Nuclear Magnetic Resonance in Weak Fields 
RICHARD M. Brown* AND E. M. PuRCELL 
Lyman Laboratory of Physics, Harvard University, Cambridge, Massachusetts 
: March 7, 1949 


T is now well established that the nuclear magnetic reso- 

nance line in liquids is very narrow. The theoretical 
explanation of this result! leads to the prediction that the 
true line width, Aw, should in such cases, be nearly equal to 
the reciprocal of the thermal relaxation time 7), and that 
both the quantities should be independent of the nuclear 
Larmor frequency w9»=7Ho. For protons in water at room 
temperature, JT; is known to be a few seconds, from measure- 
ments at 29 Mc/sec. We therefore expect Aw to be of magni- 
tude 1 sec.-!, approximately, which corresponds to a spread 
in magnetic field of ~5X10-5 gauss, far below the limit of 
resolution ordinarily set by magnetic field inhomogeneity. 
One way to improve the resolution is to reduce Ho; the 
percentile toleration on field homogeneity is thereby relaxed, 
and although this advantage is to some degree offset by the 
need for a larger sample to maintain adequate signal-to-noise 
ratio, a very homogeneous field of the strength required can 
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be produced by a large solenoid. We have taken a long step 
in this direction, and although our resolution does not yet 
permit observation of the true line width, we believe the 
results obtained so far are of some interest. 

Apart from the increased resolution, our experiment pro- 
vides a severe test of the theory, for the ‘“‘strong’’ magnetic 
field, Ho, is here actually comparable in magnitude to the 
perturbing intermolecular magnetic fields. 

The proton resonance in one liter of water at room temper- 
ature was observed at a frequency of 50 kilocycles per second, 
in a magnetic field of approximately 11.7 gauss. The magnetic 
field was produced by a solenoid four feet long, one foot in 
diameter, with a correcting coil 16 inches long wound over 
the central portion. The calculated magnetic field inhomo- 
geneity over the volume of the sample was of the order of one 
milligauss. The signal was detected by means of a lock-in 
amplifier with a band-width of about one cycle per second. 
The observed signal voltage was roughly 15 times noise. 

The observed line width, taken here as the distance between 
the points of maximum and minimum slope on the absorption 
curve, was 7 milligauss; on a frequency scale, this is com- 
parable to the 30 cycles-per-second modulation frequency, a 
situation seldom occurring in previous experiments. In such 
cases there is reason to believe that the line width is deter- 
mined by the modulation frequency rather than by field 
inhomogeneities. A similar effect has been observed and 
explained in Stark effect patterns in the microwave region.** 

These experiments are being continued with the aim of 
increasing the resolution and of testing for possible shifts of 
the resonant frequency from yHo, arising from second-order 
effects. 

This work was supported by a Frederick Gardner Cottrell 
Special Grant-in-Aid from the Research Corporation. 

* AEC Predoctoral Fellow. 

1 Bloembergen, Purcell, and Pound, Phys. Rev. 73, 679 (1948). 


2 Robert Karplus, Phys. Rev. 73, 1027 (1948). 
3C. H. Townes and F. R. Merritt, Phys. Rev. 72, 1766 (1947). 





On the Diffraction of a Plane Wave by a 
Semi-Infinite Conducting Sheet 


C. W. Horton 
The University of Texas, Austin, Texas 
February 28, 1949 


N the usual discussion? of the Sommerfeld theory of 
diffraction by a semi-infinite conducting plane, approxi- 
mate expressions are derived which are valid only in the 
regions outside two. parabolas.* At optical frequencies this is 
not a serious restriction, but at radar frequencies the detecting 
unit is much smaller than the excluded region. 

Dr. R. B. Watson and the writer are engaged in some 
diffraction measurements that involve the diffraction field 
inside the parabolas mentioned above. For this region, 
approximate analytic expressions have been developed which, 
in connection with the formulas already known, cover the 
entire plane. To save space, all of the symbols used are those 
defined by Baker and Copson.? 

When the electric vector is parallel to the edge of the screen, 
the electric vector in regions S: and S3, except for the parts 
inside the parabola T’"=1/zé, is given by 


d,=(1/2) exp{ikp cos(¢—¢’) +ikct} 
+ {csc}(¢+9')/2(2rkp)4} exp{ —ikp+iket+130/4} 
+ {(C?+.S*)/2}# exp {tkp cos(¢—¢’) 
—itan“'S/C+iket+in/4}. (1) 


The plus and minus signs apply in the illuminated and in the 
shadow regions, respectively. C and S denote the Fresnel 
integrals as defined by Jahnke and Emde.‘ The argument of 
these functions is kp{1+cos(¢—¢’)}. The error of Eq. (1) 
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is not greater than 7e*/2. It is seen readily that the first two 
—_ of (1) represent a plane and a cylindrical wave, respec- 
tively. 

When the electric vector is parallel to the edge of the screen, 
the electric vector in regions S; and S2, except for the parts 
inside the parabola T?=1/xé, is given by 


d,=exp{ikp cos(¢—¢’)+ikct} 
— (1/2) exp{ —ikp cos(¢+¢’) +ikct} 
+ {sec}(¢—¢’) /2(2xkp)*} exp{ —ikp+ikct+i3x/4} 
¥ {(C?+.S*)/2}4 exp{ —ikp cos(o+¢’) 
—1t tan“S/C+ikct+in/4}. (2) 


The minus and plus signs apply inside and outside the region 
of geometric reflection, respectively. C and S again represent 
the Fresnel integrals, but the argument is kp{1—cos(¢+¢’)}. 
The error of (2) is not greater than we*/2. It is readily seen 
that the first term of (2) is the incident plane wave, the 
second term is a plane wave traveling in the direction of the 
reflected wave, while the third term is a cylindrical wave 
diverging from the edge. 

When the incident plane wave is polarized so that the 
magnetic vector is parallel to the diffracting edge, the above 
discussion will apply to the magnetic vector, provided that 
the second term on the right side of (1) has its sign changed, 
and that the second and fourth terms on the right side of (2) 
have their signs changed. The corresponding electric field can 
be readily calculated. 

1H. Bateman, Partial Differential Equations (Dover Publications, New 
York, 1944), pp. 483-86. 

2B. B. Baker and E. T. Copson, The Mathematical Theory of Huygens’ 
Principle (Oxford University Press, London, 1939), pp. 138-149. 

3 Reference 2, p. 145, Fig. 26. 


4E. Jahnke and F. Emde, Tables of Functions (Dover Publications, 
New York, 1943), p. 36. 





The Influence of the Length of a Hot Wire on the 
Measurements of Turbulence* 


F. N. FRENKIEL 
Naval Ordnance Laboratory, White Oak, Silver Spring, Maryland 
March 1, 1949 


ET us consider a perfectly compensated hot-wire ane- 
mometer with a wire of non-negligible length /. If J; is 
a factor by which the measured intensity of longitudinal 
turbulence should be multiplied to give the correct intensity 
of turbulence then (1/J,?) = (2/I) fo'(/—s)R,(s)ds where R, is 
the transverse correlation coefficient. This relation was first 
found by H. K. Skramstad! by a rather complicated method 
and was obtained by the author? by a much simpler method. 
In the case of isotropic turbulence J, can be expressed? in 
function of the longitudinal correlation coefficient R, by 
(1/Ti?) = (1/1) fo'Rz(s)ds. 

If the length / is large compared with the transverse 
scale of turbulence Ly=/o"R,(s)ds then*® (1/J;?) =2[(L,/I) 
— (Ly™/L,?)(Ly/l)*] where Ly = fo°sR,(s)ds. In homogene- 
ous isotropic turbulence L,=0 and L,=2L,. With wires 
for which />L, we have then (1/J;?) =Z,/l. As 

lim (1/J;?) =0, 
(I/Ly)@ 

it appears that the longitudinal turbulent energy measured 
with a hot wire of an indefinitely increasing length (compared 
to Ly) will approach zero even if the real energy is not negli- 
ible. 

, If now we consider the case when //d (A being the microscale 
of turbulence) is small, then developing R,(y) in a Taylor's 
series and computing the value of the factor I, we find’ 
(1/12) = 1—P-/6?+GI*/120M4, where G=A‘Rz!V(0). If 1/A is 
sufficiently small the simple relation (1/J,*)=1—P/6)* can 
be used to correct the measured intensity of longitudinal 
turbulence. 
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When the length of the wire cannot be considered as very 
small or very large, then it is necessary to represent the corre- 
lation curve by a theoretical or empirical function in order to 
compute J. In the particular case when R, =exp(— 1x?/4L,?) 
the factor J,=1 and no correction is necessary. 

If Ry, represent the transverse correlation coefficient 
measured with two parallel hot wires of length / then it is 
found? that ,Rsy=(2Ii?/2) /o'(l—s) Ry (y°*+s*)4ds. For the 
longitudinal correlation coefficient we find? in isotropic 
turbulence R:,z = (J2?/1) /o'Rz(x?+s?) tds. 

Be Xa,2 and A», the microscales of turbulence found using 
the correlation curves Ry; and Ry», as measured with hot 
wires of non-negligible length. The square of the correlation 
factors by which these measured microscales should be 
multiplied to obtain \ are given® by the relations 


 =18—G(l/A)?  d® =: 24—G(I/r)? 


Naz? 18—3(1/¥)? ay? 24—4(0/r)?* 
Using these relations it is also possible to express J, and the 
correction factor for \ in function of //Ay,z or 1/d»y, instead 


of 1/X (assuming a given value of G). 


* Sponsored by ONR. 
saunas Schubauer, Mock, and Skramstad, N.A.C.A. Tech. Report 
1 ; 
2F, N. Frenkiel, Comptes Rendus 222, 1474 (1946). 
3F. N. Frenkiel, N.O.L. Mem. Nos. 9658 and 9723. 





On a New Equation of State 


E. M. Corson 
Armour Research Foundation, Chicago, Illinois 
February 17, 1949 


NEW equation of state describing many solids, com- 
pounds, and liquids has been obtained from very general 
principles of quantum mechanics and statistics, starting from 
a more precise analysis of the electron gas, and taking ad- 
vantage of the fact that the zero-point pressures are generally 
very great compared to obtainable applied pressures. 
The equation derived is: 





eV olART — eBV/ART 
P=1r—%o= eBVIART — j ) 

in which z, denotes the repulsive electron gas pressure, _ the 
attractive compensating internal pressure, Vo the _ initial 
volume, 8, the zero-point pressure, \, the effective number of 
electrons (per atom in the monatomic case, for example), and 
other quantities having their usual significance. 

According to the underlying physical picture, this equation 
of state should apply to ine conducting solids, certain valence 
crystals, and liquids, but not to ionic crystals or, for example, 
such molecular solids as sulfur and phosphorus. This has been 
found to be the case and agreement (within } percent) is 
obtained with the data of P.,W. Bridgman in all cases. Similar 
excellent agreement has been found for the change in relative 
resistivity under pressure—and the specific heat equation 
resulting from this theory is of the Einstein form but with a 
factor AR (instead of 3R) which, for example, predicts the 
high temperature anomaly of Fe and Pb, with the values of 
8, \ obtained from (any) two points of the compressibility data. 

As is to be expected, the zero-point pressures are enormous 
but usually somewhat smaller than for an ideal Fermi gas. 
To illustrate the natural sequence of 8-values obtained (which 
should increase with the hardness of the substance), we list in 
round figures some illustrative values which are in kg/cm*, or 
essentially atmospheres: Na (12,500); Pb (48,750); Ag 
(86,500); Cu (112,500); Fe (142,500); Si (280,000); C (dia- 
mond: 700,000). 

A paper giving the detailed theory and comparison of 
calculated and observed compressibilities, resistivities, and 
specific heats, is now in preparation. 
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Vacuum Polarization 


S. T. Ma 
Dublin Institute for Advanced Studies, Dublin, Eire 
January 24, 1949 


T has recently been shown by Schwinger! that the induced 

charge-current density 6j, due to the polarization of the 

vacuum by an electromagnetic field A, is, in the first approxi- 
mation, given by 


Biju) =2e2 f Syo(8)A r(x)’, (t) 
where & =x’,—%y, and 


OA 0A; , OA OA, 
5-155 
vail DG, Ob» | ab, Oy 


OA 0A, 
(Se 2m + mas) }—E0)/léal (2) 
Owing to the vacuum polarization there is an energy of 
interaction ; 
By. Pp. = —45j,A,. (3) 


Wentzel** has recently shown that the value of an integral 
involving the A-functions depends very much on the way in 
which the integration is performed, and that the photon 
self-energy obtained from Eq. (3) can either be infinite or 
finite and non-vanishing. 

It seems to the present writer worth while to evaluate the 
integral in Eq. (1) along the lines of the customary calculations 
in radiation problems. It will be sufficient to consider the case 
of a plane wave 


A,(x) =a, exp(ikyx*). (4) 
The value of 67, depends then on the integral 
Ru = f Sw(é) exp(ikn®)a'. (5) 


Using the ordinary three-dimensional integral representation 
of the A-functions and sintegrating with respect to the &, 
we obtain 


ee a ee es ' 
Ryy a (27) Pobo' (po+ bo’)? — ko? {Pubs [(pot+ do a +ayy) 
—Ro(1—ayy) J—Syuv(Po+ po’) (prpr’—m?)} (6) 
where 


p=—k/2—-g, p'=—k/2+q, po=(m+p"), po' =(m?+p")}, 


ay,»=1 if uw, » are both space indices or both 4, and a,,=—1 
otherwise. Following 2 method of Pauli and Rose‘ we obtain 


Ri» = (m?/8x*) { (kiky— dinky Ry) Ji +46;,T} (t — 1, 2, * (7) 
Ry= (:n?/8x") (Raky— Sayky hy) Ji 


where J; was given in reference 4 and 


#t—z*/3 
I= fds a (8) 

The presence of the terms involving the integral J spoil the 
Lorentz covariance of the quantities R,,», a curious situation 
which seems to be connected with the singular nature of the 
A-functions. It spoils also the gauge invariance and gives rise 
to an infinite self-energy for a photon. 

The above result for Ry, involves two diverging integrals J 
and J;. We can separate Ry, into a finite part 


Ryy® = (m?/82*) (keyky — Syvknkr) (Ji — J2), (9) 
where J is the value of J; for k,=0, and a divergent part R’y» 
obtained from Eq. (7) by substituting J: for Ji. The inter- 
action (3) corresponding to R’y, is 
H'v.p. = (me? /2x*) (x9 JojyAy—IA?). (10) 
A finite, Lorentz- and gauge-covariant result will be obtained 
if we subtract the expression (10) from the Hamiltonian. 
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Transforming back to the variable g and omitting finite 
terms, we obtain 


Ja~(2/3m8) ["da/q, I~(2/3m*) {dgg, (11) 
and accordingly 
He.p.~(@/3n)jvAnf dq/q—(e/3x*)A* ['dgg. (12) 


It is interesting to note that the two divergent terms in 
Eq. (12) are just the divergent terms which Tomonaga, Koba, 
and Takeda’ have recently obtained from a detailed analysis 
of the effect of vacuum polarization in radiative processes, 
and which these authors have subtracted from the Hamil- 
tonian to obtain finite results. 

I am indebted to Professor W. Heitler for many stimulating 
discussions. 

1J. Schwinger, Lecture Notes, University of Michigan, 1948. 

2G. Wentzel, re Rev. 74, 1070 (1 948). 

See also T. Tati om S. Tomonaga, Prog. Theor. Phys. (in press). 
‘we Pauli and M. E. Rose, Phys. Rev. 45, 462 (1936). 


5Z. Koba and S. Tomonaga, Z. Koba and G. Takeda, Prog. Theor. 
Phys. (in press). 





On the Directional Character of the Long-Range 
Order Parameter 
Louis GOLD 


Brown University, Providence, Rhode Island 
February 23, 1949 


SIGNIFICANT aspect of the state of long-distance 

order in alloys which apparently has been totally ignored 
is the possible directional character of superlattice formation. 
If the reaction is one of nucleation and growth,! with the new 
phase having some crystallographic relation to the matrix,? 
then one should expect the long-range order parameter to 
exhibit directional effects. Instead of treating long-distance 
order as a sort of average measure of the lack of random 
distribution of different atoms over all of the lattice sites, 
one effectively limits the selection of the sites to particular 
directions and planes. Thus, a multivalued Six: having a 
directional character defined by the kinetics of the order- 
disorder transformation is postulated. 

This hypothesis that the degree of long-range order takes 
on diverse values for each plane and direction is not without 
reasonable foundation. There are certain structures manifested 
by solids in which the phenomenon of directional variations 
in the extent of randomness is exemplified. The turbostratic 
configuration of the layer-lattice structure in carbon black- 
graphite is a well-known illustration of preferential random- 
ness.3 

The x-ray technique developed by Wilchinsky‘ for deter- 
mining the long-range order parameter by comparison of the 
fundamental and superstructure line intensities might readily 
be utilized to investigate the nature of preferred orientation 
effects in the formation of superstructures and thereby make 
possible a broader understanding of the kinetics of the order- 
disorder transformation. Since the x-ray comparison approach 
permits evaluation of Six: for those planes giving rise to 
superlattice lines,* one has the problem of finding the S values 
for the fundamental lines and also the over-all average S 


value for the entire ensemble. 
1W. Boas, Physics of Metals and Alloys (John Wiley & Sons, Inc., New 
York, 1947), p. 167. 
2Charles S. Barrett, Structure of Metals, Crystallographic Methods, 
Principles, and Data (McGraw-Hill Book Company, Inc., New York, 
mes ag od XII. 
E. Warren, Chemical Architecture. Chapter IV. ‘X-ray studies of 
centieeiaien™ 
4Z. W. Wilchinsky, J. App. Phys. 15, 806-812 (1944). 
* Presumably, Wilchinsky computed the S20 parameter since his com- 
parison method was limited to relative intensity measurements of only 
the 200 fundamental and the 210 superstructure. 
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On the Stimulated Decay of Mesons 


W. H. Furry anp JAMEs N. SNYDER* 
Department of Physics, Harvard University, Cambridge, Massachusetts 
March 2, 1949 


[* has been suggested by M. Goldhaber of the University 
of Illinois that extremely fast electrons which could give 
rise to the soft component of cosmic radiation by cascade 
processes might be provided by the stimulated decay of 
energetic mesons.! The decay of such a meson is imagined to 
be stimulated by interaction with the nucleons whose collision 
produced it. To test this hypothesis a calculation was made 
using a meson which (a) interacts symmetrically with the 
heavy particle and light particle fields, and (b) suffers a two- 
particle decay into an electron (positron) and an antineutrino 
(neutrino). This calculation was started before the r-uy-decay 
was definitely established. The process considered is a third- 
order one: (1) a fast meson is absorbed by the nucleon, (2) is 
re-emitted, and (3) then decays.? If standard time dependent 
perturbation theory be applied to this process, the expression 
for the transition probability diverges due to the fact that the 
process could stop with conservation of energy after the second 
step (elastic scattering). Hence the problem must be attacked 
using a more refined perturbation method on which a paper 
is in preparation. 

The calculation was carried out in detail for an incident 
scalar meson of energy Ey and mass yp, stimulated by a nucleon 
which was regarded as infinitely heavy. For this case, no 
matter whether the meson is positively or negatively charged 
or the nucleon is a proton or a neutron, the transition proba- 
bility for stimulated decay is given by: 
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sae ed (1) 
where g, g’ are the coupling constants of the meson with the 


heavy and light particles, respectively, V is the volume in 
which the wave functions of all particles are quantized with 
periodic boundary conditions, and 8 is related to the spon- 
taneous decay constant 7, of the meson by 


reap. (2) 


For Eo>uc* the ratio of the stimulated to the spontaneous 
decay constant comes out to be: 


2 
r=a(©); Rone log = (3) 


where Xo is the Compton wave-length of the meson and 1 is 
the number of nucleons per cm*. The factor 8(g*/hc)* is 
assumed to be ~1/10; Xo*” is of the order of unity in the 
interior of a nucleus, but its average value over an extended 
region is ~10-™ even in condensed matter. In addition, (3) 
is a decreasing function of energy. Hence the lifetime of a 
meson of this type is not appreciably affected by its passage 
through matter. 

To get a lifetime of the order of 10-** sec. which would be 
necessary if the meson is to decay by interaction with the 
nucleons whose collision produced it, it is necessary that R 
have the value 

6 
Row~ ~oaS = 108% (4) 
which is clearly impossible with this model even though in 
this case XAo*n~1. 








moar 
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Other models which may make this process more important 
will be reported on later. 


* Now at Department of Physics, University of Illinois, Urbana, Illinois. 
1The emission of fast electrons in disintegrations of nuclei by cosmic 
radiation has been observed by W. B. Fretter, Phys. Rev. 71, 462 (1947); and 
Bridge, Hazen, and Rossi, Phys. Rev. 73, 179 (1948). They have alternately 
been explained by J. R. Oppenheimer, Richtmeyer Lecture, Annual Meeting 
of the A American Physical Society, January, 1947, as being produced by 
photons arising from the decay of a hypothetical short-lived neutral meson. 
2 Depending on — charges of the meson and nucleon, steps (1) and (2) 


may be reve: 





Inappreciable Effect of Compton Shifted Scattering, 
within a Gamma-Ray Source, on Precision 
Wave-Length Determinations with the 
Focusing Crystal Spectrometer 
JessE W. M. DuMonp 
California Institute of Technology, Pasadena, California 
March 7, 1949 


HE instrumental line widths obtained with the present 

2-meter focusing curved crystal spectrometer! are 
substantially constant and of order AA=0.17 x.u. full width 
at half maximum Compton shifted scattering in the source 
material will yield a continuous spectral distribution extend- 
ing, in the case of single scattering, some 48 x.u. to the long 
wave side of the primary line. Figure 1 shows how a step in 























Fic. 1. 


the background resulting from this distorts the primary line 
profile and may slightly falsify wave-length determinations. 
Let us compute the ratio of the height of this step, P., to the 
peak height of the primary line Py. The natural primary line 
width is much narrower than Ad whereas the scattered 
radiation is a continuum so P, will be proportional to Ad 
whereas P, will be independent of it. We are only concerned 
with Compton shifts of order, AX, hence only forward scatter- 
ing at angles less than 7° is involved. 


























Fic. 2. 


In Fig. 2, Y is the thickness of the source in the direction 
of observation. At P; a volume element, dz, sends radiation 
to the spectrometer, (1) by the direct path, (2) by scattering 
(under scattering angle ¢) in other elements of volume such 
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as due. The acceptance solid angle utilized by the spectrometer 
is dw in both cases. We assume the source indefinitely extended 
laterally to avoid boundary complications. This overestimates 
the ratio P,/P, for many thin sources. Because ¢ is small the 
total paths in matter (1) for direct transmission and (2) for 
single scattering are essentially equal and hence the attenua- 
tions (from absorption and scattering) by these two routes 
cancel out in computing the ratio P,/P,. This overestimates 
P,/P,» as does also the assumption here made that 112 equals 
y’. Applying the Klein-Nishina scattering formula? for unpolar- 
ized radiation, integrating over y’ and averaging over all 
depths y one readily obtained the ratio of singly scattered to 
direct power 


P,/Pp=([anet/(2mct)](1+cos*¢)(1+a verse) * 
X [1+a2(1—cosy)*(1+cos*y)(1+aversy)"Y singdy (1) 


wherein a =);/A, measures the quantum energy of the primary 
line (Ac =h/(moc)=24.2 x.u., the Compton wave-length) and 
n is the effective number of electrons per cm* of source ma- 
terial. Since 1—cosg is of order 0.007, we may substitute for 
the second bracket and the two preceding parentheses, for 
radiation up to say 12 Mev,? the numerical value 2. Expressing 
the wave-length shift in units A, as ]=(A2—A1)/A-=1—cos¢, 
dl=singdy and with the approximations just indicated (1) 


becomes 
P./Pp=([ane*/(morc*) ] Ydl. (2) 


Here P, is the shifted intensity included in a shift range dl so 
we must substitute for d/ the instrumental line width in 
l-units or 0.007. For the case of our recent precision determi- 
nation‘ of the annihilation wave-length \, from recombination 
of 6+ and 8 in a neutron activated block of copper 1-cm 
thick (Cu*), »=2.5X10% cm™$; e*/(mo*ct)=7.8X10~* cm?; 
Y=1 cm; d/=0.007 and P./P,=4X10"3, a distortion in the 
line shape too small for detection. 

The author is grateful to Professor C. C. Lauritsen for 
suggesting this possible source of error and to Professor R. F. 
Christy for most helpful discussions of it. 

1J. W. M. DuMond, Rev. Sci. Inst. 18, 626 (1947); J. W. M. DuMond, 
D. A. Lind, and B. B. Watson, Phys. Rev. = 1392 (1948); Watson, West, 
Lind, and DuMond, Phys. Rev. 75, 505 (1949). 

2See for example A. H. Compton and S. K. Allison, X-rays in Theory 
and Experiment (D. Van Nostrand Company, Inc., New York, 1935), p 
237, formula (3.139) and p. 119, formula (3.05). 


3 Since P,/Pp turns out to be so minute only a rough order of magnitude 
estimate is required and formula (2) would be reliable far above 12 Mev 


for this. 
4J. W. M. DuMond, D. A. Lind, and B. B. Watson, Phys. Rev. 75, 
1226 (1949). 





On Problems Involving Permutation Degeneracy 


E. M. Corson 
Armour Research Foundation, Chicago, Illinois 
February 3, 1949 


HE calculation of energies for many electron problems 

often resolves itself essentially into the determination 
of appropriate irreducible representations (, k) of the sym- 
metric group mn. Of course, any procedure for this purpose 
becomes involved for large m, and the usual procedure of 
constructing the appropriate spin functions offers no simple 
insight (in routine application) into the structure and relation 
of the representations for varying m and k(=n/2—S). Pri- 
marily for this reason, it seems worth while to consider an 
alternative inductive, or symbolic, method which yields all 
physically significant representations by elementary algebra 
and matrix multiplication. 

If we assume all irreducible representations known for tn-2, 
and that for (m,k) of x, chosen in reduced form for the 
elements contained: in rn_2, then it follows that we need only 
find the representative matrix of Pn_2n-1; since that of Pain 
is diagonal with known elements, by virtue of the fact that 
we are effectively compounding spin vectors by pairs. We 
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now introduce the semi-character operator & [2], defined as 
the average of those elements of the class of interchanges in 
a, not contained in ,_2, which will be diagonal in (n, k) with 
but three distinct elements easily calculable from the Dirac 
vector model. One can show that Pn_2n-1 commutes with 
(2n—3)&:+(2n—7)és-2 which gives the conditions for the 
non-vanishing elements. These are then determined from the 
fact that Pa-2n-1 commutes with all elements of wn_3, the 
unitary condition, and P*,_2,-1=1. 

In contrast to the inductive procedure from mn_1 to mn, 
this method! diagonalizes Pi, Ps, --- which is very desirable; 
since it facilitates factorization of the secular equation in 
problems which afford additional (space) symmetry elements. 
Further details will be presented in a future publication. 


1T. Yamanouchi, Proc. Phys. Math. Soc. Japan 18, 623 (1936). 





Erratum: Disintegration of Be® 
[Phys. Rev. 73, 806 (1948)] 
ARTHUR HEMMENDINGER 
Los Alamos Scientific Laboratory, Los Alamos, New Mexico 
March 3, 1949 


HE disintegration energy of 116 kev of Be®.is in error 

because the momentum imparted to the excited Be® 
nucleus by the 2.62 Mev photon was neglected. The maximum 
energy of the Be® nucleus due both to the absorption of the 
photon and to the photodisintegration is 117 kev; subtraction 
of this energy from the observed end point of the alpha- 
particle distribution of 220 kev gives 10310 kev for the 
disintegration energy of Be’, in better agreement with the 
value 84.5410 kev quoted by Tollestrup, Lauritsen, and 
Fowler.! : 


1 Tollestrup, Lauritsen, and Fowler, Bull. Am. Phys. Soc. 24, No. 2, 
E6 (1949), 





Recent Changes and Additions in the Consistency 
Diagram of the Natural Atomic Constants 


JessE W. M. DuMonp 
California Institute of Technology, Pasad 
March 7, 1949 


BOUT one year ago E. R. Cohen and the author published 
a review! of the state of our knowledge regarding the 
values of the atomic constants F, No, m and h? incorporating 
the results of some 10 different types of experimental determi- 
nation’ each determining a different function of one or more 
of the four unknowns and exhibiting the interconsistency of 
the data on a graphic chart.‘ A least squares adjustment of 
these overdetermined data was made, yielding a set of compro- 
mise values for the constants and for various important 
functions thereof. One indication from this study was that 
the value of F, the Faraday constant, might be somewhat 
higher than that directly obtained with the silver voltameter,® 
—closer to the iodine voltameter result.” These determinations 
were made before the existence of isotopes was known. Also 
the emphasis was then more on reproducibility than on 
absolute significance. The author is informed that a redetermi- 
nation of F is now under way at the Bureau of Standards. 
Since the aforementioned paper! appeared, the following 
three important and interesting experimental determinations 
have added new information. (1) H. A. Bethe and C. Long- 
mire® report the results of Taub and Kush on the ratio of 
magnetic moments of electron and proton which they combine 
with the recent hyperfine structure work of Nafe and Nelson 
to yield a very accurate value for a@!=(e*/hc)™!= 137.041 
+0.005. (2) Schwarz and Bearden have new information® on 
h/e determined by means of the continuous x-ray spectrum 
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taken in the 8000 volt region which seems, like the work of 
Panofsky, Green, and DuMond,” (but with even smaller 
probable error) to give values too low to agree with the 
consistency chart. (3) DuMond, Lind and Watson have made 
a precision determination" of the wave-length \.=h/(moc) of 
the annihilation radiation coming from recombination of 
positrons and electrons in a block of neutron activated copper 
(Cu) using the 2-meter curved crystal spectrometer. 

The results (1) on @ combined with the accurately known 
Rydberg constant give a value which plots on the above 
mentioned consistency chart so as to be directly comparable 
with the results (3) on A;-=h/(moc). On Fig. 1 these are 














Fic. 1. Isometric consistency chart similar in all respects to Fig. 9 of 
reference 1 save that three new determinations have been added. These 
are: (11) The new precision value of a (Taub and Kush +Nafe and Nelson), 
(12) The new precision value of h/(moc) (DuMond, Lind, and Watson), 
(13) The new x-ray determination of h/e (Bearden). The DuMond-Cohen 
least squares ‘‘best values’’ of 1947 correspond to the center of the small 
black ellipse of probable error which can be identified by the four oblique 
arrows radiating out along the major and minor axial directions of the 
ellipse (not to be confused with the origin of the chart at the intersection 
of the three oblique dot-and-dashed axes). 


shown numbered (11) and (12) respectively. The probable 
error ranges are essentially in contact so that the disagreement 
is not serious. The Schwarz and Bearden h/e result is num- 
bered (13). Bethe and Longmire® have pointed out that a 
very small correction to the determination of e*/m (numbered 
(4), x-ray refractive index of diamond) for nuclear scattering 
has been overlooked. If this correction were made in Fig. 1 
the center line of determination (4) would be moved to the 
present position of its right-hand error line. 

The h/e discrepancy remains unexplained. The important 
new result on a tends to reestablish confidence in the silver 
Faraday. On the other hand, the A, results point toward the 
higher Faraday. We believe any reevaluation of the entire 
atomic constants picture should be postponed at least until 
the new N.B.S. Faraday results are available. 


1J. W. M. DuMond and E. R. Cohen, Rev. Mod. Phys. 20, 82 (1948). 

? The all important constant, ¢, is here implied since e=F/No. 

3 See Table VII, 102 of reference 1, for these input data. 

4 See Fig. 9 of reference 1. 

’ See Table VIII, pages 106 and 107 of reference 1, for these values. 

6G. W. Vinal, Comptes Rendus 3, 95 (1932). 

7G. W. Vinal and g . Bates, Bull. Bur. Stands. 10, 425 (1914). Ina 
private communication, G. W. Vinal and L. H. Brickwedde give 96 480 abs. 
coulombs (N.B.S.) per equivalent for the silver result and 96 493 abs. 
coulombs (N.B.S.) per equivalent for the iodine result. Both are on the 
chemical scale of atomic weights. - 

8H. A. Bethe and C. Longmire, Phys. Rev. 75, 306 (1949). 

®G. Schwarz and J. A. Bearden, Bull. Am. Phys. Soc. 24, No. 1 (1949). 

10W. K. H. Panofsky, A. Green and J. W. M. DuMond, Phys. Rev. 
62, 214 (1942). 

i1 J, W. M. DuMond, D. A. Lind and B. B. Watson, Phys. Rev. 75, 1226 
(1949), 
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Delayed Emission of Electrons from the Cathode 
in a Counter When Operated above the Plateau 
M. L. WIEDENBECK AND H. R. CRANE 


Randall Laboratory of Physics, University of Michigan, Ann Arbor, Michigan 
February 25, 1949 


XPERIMENTS on the discharge in the conventional 
Geiger-Miiller counter tube in the voltage range above 
the plateau were reported recently by one of us.! Results 
suggested that any given discharge was initiated by an after- 
emission of electrons or photons excited by the preceding 
discharge. The experiments did not show whether it was the 
cathode, anode or gas which was mainly responsible for the 
after-emission, and an investigation of that point is the 
subject of the present note. 

A double counter was prepared having a brass envelope 1 
inch in diameter and 10-inches long, with a 10 mil tungsten 
wire 3-inches long mounted in each end. A cylinder 3-inch 
inside diameter and 3-inches long, inside the brass envelope, 
formed the actual cathode. This could be slid from one end 
to the other by tilting the envelope, so it was possible to make 
it serve as the cathode for first one wire and then the other. 
The envelope was filled with 9 cm argon and 1 cm alcohol 
vapor. The plateau, for each counter, extended from 1050 to 
1150 volts. The two wires were connected to independent 
counter circuits and scalers. The measuring procedure was 
simple: with the cathode cylinder surrounding the first wire 
2000 volts were applied to the counting circuit connected to 
that wire, so as to produce the well-known rapid succession of 
spurious counts, and this was allowed to continue for 2 
seconds. Then the cylinder was slid to the other end, where 
the voltage was adjusted for normal counting. The counting 
rate versus time was obtained by photographing the lights of 
the scaler and a clock with a movie camera. A strong activity 
was found to result from the high voltage discharges. No 
counts were obtained when the same procedure was carried 
through without the application of the high voltage -in the 
first position. A series of runs was made with the same gas 
mixture, but with different metals for the sliding cathode. 
The decay curves, as shown in Fig. 1, turned out to be quite 
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Fic. 1. Decay curves of the counting rate for different cathodes. 


different from one another, which makes it evident that the 
delayed counting is predominantly due to the cathode surface. 
One cathode tried (iron) gave no counts above background, 
which means either that it acquires very little activity or that 
it dies away in a shorter time than 2 seconds, which is the 
time occupied in transferring the cathode in our experiments. 
All the metals were given the same preparation—they were 
dry polished in a lathe with fine steel wool, and were not 
touched or washed in any way. 
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It should be remarked that in the case of aluminum, the 
cathode had to be aged before it was used, because it was 
found that the polishing process gave it initially an activity 
of about 900 counts per second, which seemed to have a “‘half- 
life’ of about three hours. None of the others showed appreci- 
able initial activity, although they were used in one half hour 
to one hour after being polished. 

The delayed emission of electrons from surfaces which have 
been strongly bombarded has been studied by a number of 
workers.2~® The ‘“‘half-lives”’ found agree in order of magnitude 
with those found by us in the counter tube. The indication is, 
therefore, that when a Geiger counter is subjected to voltages 
above its plateau the same general phenomenon occurs, but 
on a much smaller scale, amounting to only a small number 
of electrons per second. A reasonable explanation for the rapid 
succession of spurious counts which the counter gives above 
its plateau is that each count is initiated by the delayed 
emission of electrons from the cathode, excited by the pre- 
ceding count. 

1H. R. Crane, Phys. Rev. 75, 985 (1949). 
2M. Tanaka, Phys. Rev. 48, 916 (1935). 
3L. Malter, Phys. Rev. 50, 48 (1936). 


4H. Paetow, Zeits. f. Physik 111, 770 (19. 
5 R. W. Pidd and L. Madansky, Phys. Reo, bs, 1175 (1949), 





Neutron-Hydrogen Mass Difference from the 
T*(p,n)He* Reaction Threshold 


R. F. TascHex, G. A. Jarvis, H. V. ARGO, AND A. HEMMENDINGER 
Los Alamos Scientific Laboratory, Los Alamos, New Mexico 
March 7, 1949 


HE threshold for the reaction T%(p,2)He* has been 
measured by observing the neutrons produced when 
protons from the Los Alamos electrostatic generator strike a 
target of tritium absorbed in zirconium.! The absolute value 
of the threshold energy was established relative to the highly 
accurate Al(p,y) resonarite at 993.3 kev quoted by Herb, 
Snowden, and Sala.? 

An assembly carrying the tritium-zirconium plate, a piece 
of clean ?;-inch aluminum, a LiF crystal, and a zirconium 
metal blank allowed rapid interchange of targets in the 
vacuum. A large liquid air trap was placed immediately in 
front of the targets, all of which were thick for protons in our 
energy range. 

Gamma-rays were counted in double coincidence at right 
angles to the proton beam and neutrons were counted at 0°. 
Neutron background below threshold and gamma-ray coinci- 
dences from protons on the zirconium blank were negligible. 
The Al target was scraped clean, immediately put into the 
vacuum and a beam run on it within about ten minutes; with 
the beam on, the Al and LiF targets ran at near a dull red 
heat. Over 4 period of six days no shift of more than +1 kev 
was observed in either the Al resonance step or the T?(p,)He® 
threshold indicating that no appreciable contaminating layer 
built up on these targets during the experiment. The tritium- 
zirconium plate had not been used previously, but had been 
in air long enough to cause some concern over the possibility 
of an appreciable oxide coating on the surface. After having 
obtained a neutron threshold on this target in its original 
condition the plate was removed from the vacuum, the surface 
cleaned with-number 600 carborundum and another measure- 
ment of the threshold made as quickly as possible. The two 
values of the threshold so obtained were within 0.7 kev of 
each other, whereas the energy ripple of our machine is 
approximately 1.5 kev. Proton currents on the tritium- 
zirconium targets were kept at about one-fifth of those on the 
other targets to avoid loss of tritium by heating. 

The width of the step in the gamma-ray yields were about 
2.0 kev for Al and about 1.0 kev for F. The thresholds for 
T®(p,n)He* and Li’(p,)Be’ were determined to plus } kev 
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and minus 1 kev. Assuming the Al(p,7) resonance to lie at 
993.3 kev we then found the F(p,7) resonance at 873.1 kev 
and the Li’(p,n)Be’ threshold at 1880 kev agreeing with 
Herb, Snowden, and Sala’s values to well within our voltage 
ripple. This scale then puts the T*(p,n)He* threshold at 
1019_,*# kev, giving a Q value of —763.7 kev, where the 
mass factor used was 0.749. 

Assuming zero-neutrino mass and a beta-ray end point of 
18.3 kev this threshold measurement gives the n—H mass 
difference as 782+1.5 kev. The 18.3-kev end point which 
gives the T*— He’ mass difference has been measured in this 
laboratory by Graves and Meyer® and by McKibben and 
Shurig.* This value is in agreement with other recent results.* 

The neutron-proton mass difference determined here is 
roughly 18 kev lower than that given by Bell and Elliott® and 
that reported by Jenkins.? The systematic errors, aside from 
the absolute energy scale, which one would expect in our 
experiment are all such as to raise the threshold of T?(p,n)He® 
and therefore the neutron-hydrogen mass difference. 

1 Graves, Rodriguez, Goldblatt, and Meyer, private communication, to 
be published in Rev. Sci. Inst. 

2 Herb, Snowden, and Sala, Phys. Rev. 75, 246 (1949). 

3 E. R. Graves and D. Meyer, private communication, to be submitted 
for publication in Phys. Rev. 

4 J. L. McKibben and A. Shurig, private communication. 

5 Curran, Angus, and Cockcroft, Nature 162, 302 (1948). 

°R. E. Bell and L. G. Elliott, Phys. Rev. 74, 1552 (1948). 


7 Reported by Mr. Jenkins at the February, 1949, meeting of the Amer- 
ican Physical Society in Berkeley, California, Supplementary Programme. 





On the Liberation of Ions by Electron 
Bombardment 


I. Fitosoro AND A. ROSTAGNI 
Institute of Physics, University of Padova, Padova, Italy 
March 8, 1949 


RUMP and Van de Graaff! have recently proposed 
that the electrical breakdown between metallic elec- 
trodes in a high vacuum is due to the emission of positive ions 
from the anode under the electron bombardment. From direct 
measurements they deduce the liberation coefficient A of ions 
by electrons, viz. the average number of ions emitted per 
incident electron, as a function of its energy. The curve they 
give for a steel anode has a marked maximum of 10° ions/ 
electron at approximately one thousand volts and a flat 
minimum, viz. an almost constant value of A =2.10~, between 
20 and 180 kv; a steep increase follows as far as 225 kv. The 
maximum is attributed to ionization of the residual gas. 

We have studied with greater care the phenomenon in the 
low voltage range with the aim of reducing as much as possible 
the effect of the residual gas, in order to determine a possible 
threshold for the phenomenon of the secondary emission of 
ions. The arrangement of the electrodes is shown in Fig. 1. 
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Fic. 1. Arrangement of the electrodes. 
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The diaphragms 1, 2, 3, 4 have, in this order, the following 
diameters: 2.7, 3.2, 3.7, 4 mm. The distance between the 
anode a and the cathode f (the emitting part of which is at 
the level of diaphragm 1), can be altered as desired. The 
vacuum, maintained by oil diffusion pumps and liquid nitrogen 
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traps, is measured by means of a radiometer foil gauge and 
an ionization gauge. ‘ 

The electrons hit a small area of the anode a around the 
axis of the system, and it is possible to observe directly the 
dark mark they produce if the apparatus contains a small 
amount of organic vapor. 

The geometry of the experiment and the configuration of 
the field is such that if there is emission of ions from a due to 
incident electrons, the ions will follow the same path as the 
electrons but in the opposite direction. They will mainly fall 
in the Faraday cylinder c, which is functioning as a collector, 
as in the analogous arrangement of Trump and Van de 
Graaff, provided the initial speed of the ions is negligible as 
we think is true in our case. 

The curves 1 and 2 of Fig. 2 have been obtained with a 
steel anode at distances of 6 and 12 mm from the cathode 
respectively, at the lowest pressure we could reach—about 
10~* mm Hg. In curve 1 the maximum is hardly noticeable; 
in the other it is well marked. It has been very difficult to 
obtain a curve without the maximum, working as we usually 
did with the apparatus under continuous pumping, for it is 
extremely sensitive to small variations in the conditions of 
vacuum and of the anode surface. The flat portion of the 
curve is, on the contrary, easily reproducible. The ordinates 
of this portion—and of the maximum too—are less than those 
found by Trump and Van de Graaff by a factor between 200 
and 2000 in the interval examined by us (i.e. to 70 kv). 

To reproduce approximately the values of these authors we 
took off the liquid nitrogen from the trap, so admitting the 
oil vapors (Apiezon oil B) into the apparatus. The pressure 
shown by the radiometer gauge (which in this range of 
pressure reads approximately absolute pressures) increases 
by a factor ~5, while the ionization gauge shows an increase 
by a factor ~10: the current in the Faraday cylinder in- 
creases by a factor ~200 with the same electronic current, 
as represented by curve 3 of Fig. 2 (distance 12 mm) for 
which the ordinate axis on the R.H.S. of the diagram has 
been used. 

















N 
& 
‘a o 
a w 
c ¢}22 
Vv VY 20 
' ' 
‘Oo ©}18 
< <}16 
14 
12 
5 10 
4 8 
3 6 
2 3 2 4 
1 7 —————————~ 2 
ew 1 
0 0 20 6lC KC GO. CCE 


Fic. 2. Liberation coefficient A as a function of electron energy. 


It seems to us that the values of these factors make it 
difficult to explain the current observed in these conditions 
as a mere effect of the ionization of the gas. We may note 
also in this connection that the maxima in the effective 
cross section of ionization by collision in the known gases 
generally occur at speeds of the order of a hundred and not 
of a thousand volts, as would be shown in the curves of 
Trump and Van de Graaff and in ours. We could perhaps 
postulate some surface effect on the anode, due to the presence 
of organic vapors. Only further experiments may settle this 
question. 
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The residual current observed by us in the best vacuum 
conditions—10-* mm Hg—may be certainly explained as an 
effect of ionization by collision if an effective cross section of 
the order 1 cm?/cm*?-mm Hg is attributed to the gas, in 
agreement with the results normally obtained. 

Regarding the fundamental effect we were investigating, 
viz. the liberation of ions from the metal in the best conditions 
of surface purity and of vacuum, we infer from our measure- 
ments that, if it occurs, its threshold must be over 70 kv. 
This is also compatible with the shape of the curve of Trump 
and Van de Graaff. Our present arrangement did not permit 
measurements at higher voltages. 

It is a pleasure for us to thank the Consiglio Nazionale delle 
Ricerche which has granted a scholarship to one of us (I.F.) 
and the S. A. Vetrocoke of Porto Marghera (Venice) which 
kindly put at our disposition the liquid nitrogen necessary 
for the experiments. 


1J. G. Trump and R. J. Van der Graaff, J. App. Phys. 18, 327 (1947). 





The Generalized Schrédinger Equation in the 
Interaction Representation 


P. T. MATTHEWS 
Clare College, Cambridge, England 
March 8, 1949 


GENERALIZED Schrédinger equation has been used 
by Schwinger! and Tomonaga and collaborators? in the 
interaction representation for a system whose state is given 
on a space-like surface. In both presentations a form for the 


Hamiltonian is assumed and then shown to satisfy necessary 
conditions. We will deduce the generalized Schrédinger equa- 
tion by a method which, when applied to a particular case, 
gives the Hamiltonian directly, even when the interaction in- 
volves derivatives and the Hamiltonian consequently contains 
terms dependent on the direction of the surface. 

Let x= (ct, r). o is a general space-like surface through x*. 
m, is the normal to the surface at x“(m,n*=-—1). The La- 
grangian of the field is &(¢*, y,*) where 9,*=d¢%/dx". The 
energy momentum tensor is Uy» = (02/d¢,*) 9% — Ley». 

Define the canonical conjugate of ¢* to be 


ro= (0L/d gy" )ny. (1) 


The generalized commutation relations of Schwinger can then 
be written for a Bose field 


[o%(x), xp(x’)]-=0 xxx’, f Lex), xp(x')]do’ =ihcds", (2) 
and 
(o%(x), ma(x’)}4=0 xxx’, f {9% (x), aple’)h ado’ =ihedg® (3) 
for a Fermi field. 
Define the Hamiltonian 
= Uyyn"n’. (4) 


This reduces to the usual expression when ¢@ is flat. Choose a 
particular Lorenz frame such that at the point x* the co- 
ordinates x=" lie in the tangent plane to o and x°=w is in 
the normal direction. The equations of motion of the field, 
derivable from the Lagrangian are by (2), (3), and (4) 


J Cralx"), () Mo! = ihcdre/de, 


J Ce" Ce"), $e) Mo’ =ihcde4/de. 


Introducing the condition of Kanesawa and Tomonaga? that 
elementary regions are scale form flat, we have d¢%/dw 


(5) 
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= (5/80(x)){ Sf ¢%(x’)-do’}. Thus the second of Eqs. (5) can 
be written in the form 


thcseu/d0=(en, $(¢x, rH) ]. (6) 


If ® and & are corresponding wave functions in the 
Heisenberg and Schrédinger representations, then W = U(c)®. 
Denote the Heisenberg variable by gx and the Schrédinger 
variable by gs. Then 


= UogU. (7) 


Also 5¢s/é0=0 and by an argument similar to that used by 
Dirac* 
O(¢s, rs)U. (8) 


thcs WV /b0 = H( vs, rs) ¥. (9) 


If two fields interact the Schrédinger equation in the 
Schrédinger representation is - 


thes BW /io = {H1(¢s) + H2(¥s) + G12(¢s, ¥s)} UW. (10) 


To go over into the interaction representation we make the 
transformation W—U,U,W where U; and U2 are determined 
by (8) for 1: and $2, respectively. Then 


ihcd VW /do= HG, y) WP, (11) 


where = U;"ygU, and Y= U:"WsU2. By (7) the motion of 
the field variables ¢,y and their respective canonical conju- 
gates is determined by the Hamiltonians of the two separate 
fields without interaction. This is the distinguishing character- 
istic of the interaction representation which makes it possible 
to calculate the commutation relations between field variables 
at points with time-like separation. 

The value of $12 for the various meson, photon, electron or 
nucleon interactions can be calculated directly. The results 
are in agreement with those of Tomonaga and his collabo- 
rators.? Note that in calculating § defined by (4) the normal 
component of gy, must_ be eliminated by (1). Thus if 

r= (Gu- Gyn" say, a term such as ¢u.¢" occurring in § must 
be written gye"+ (eun")(y’np)—(w—jun")(w—j?mp). Diz can 
then be derived after a short calculation. 

The above presentation shows that the error in Section II 
of a recent paper by Dyson,‘ corrected by him in a note added 
in the proof, arose from the neglect of the dependence of the 
Hamiltonian on the direction of the surface. 

Equation (2) was deduced by Weiss‘ for the Poisson Bracket 
in classical field theory. Weiss’ work has been ‘developed 
independently by Roberts® to derive the classical analog of 
the Schwinger-Tomonaga theory. 

1 Julian Schwinger, Phys. Rev. 74, 1492 (1948). 

2S. Tomonaga, Prog. Theor. Phys. 1, 27 (1946); Koba, Tati, and Tomo- 


naga, Prog. Theor. Phys. 2, 101 (1947); Ss. Kanesawa and S. Tomonaga, 
i ~— Phys. 3, 1 (1948); Y. . Myamoto, Prog. Theor. Phys. 3, 124 


(194 
a M. ‘Dirac, Quantum Mechanics (Oxford University Press, New 
York, 1947), Chapter V. 
4F. J. Dyson, Phys. Rev. 75, 486 (1949). 
5 P, Weiss, Proc. Roy. Soc. A169, 102 (1938). 
6K. V. Roberts, unpublished. 
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On the Gamma-Radiation From I?*! 


Davip Mog, GEeorGE E. OwEN, AND C. SHARP COOK 
Department of Physics, Washington University, St. Louis, Missouri 
February 25, 1949 


HE beta-spectrum of I! has recently been studied in 

this laboratory! with a view. toward determining its 
possible complexity. In connection with this study a number 
of internal conversion lines were found and were assigned as 
K, L and M lines of four gamma-ray energies. Metzger and 
Deutsch? also have recently made a study of the I!*! radiations. 
Their report did not include a gamma-ray of 163 kev energy 
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which we reported. Since our work was not extended beyond 
the end point of the beta spéctrum we did not include a 638 
kev gamma-ray reported by them. 

The current work was begun in an attempt to verify the 
existence of the 163 kev gamma. Two separated carrier-free 
[31 samples were obtained from Oak Ridge and the photo- 
electrons from a 50 mg/cm? uranium radiator were studied in 
the same spectrometer employed in the previous work. 

The spectrum thus obtained is shown in Fig. 1. The K and 
L lines of the strong 364.18 kev gamma-ray® predominate. 
Much weaker than these but still of sufficient intensity to be 
easily observed are the K line of the 284.1 kev gamma-ray 
and the K and L lines of the 638 kev gamma-ray. Also present 
are two low intensity lines at 1080 gauss-cm and 1380 gauss- 
cm. These are magnified in the inserts in Fig. 1 and were 
repeatable as indicated by the open and solid circles which 
represent runs taken at different times. The same total number 
of counts were taken for all experimental points and the 
sample statistical errors shown are those for all points in 
that region of the spectrum. If one assumes that the 1340 
gauss-cm line is an Z line the corresponding gamma-ray 
energy is 159 kev, which is in relatively good agreement with 
the previously reported 163 kev gamma. A slight rise at 730 
gauss-cm gives the same energy if it is assumed to be the K 
line of the same radiation. It is perhaps diminished by its 
closer proximity to the counter window cut-off energy. If one 
considers the line at 1080 gauss-cm to be a K line it would 
correspond to a 208 kev gamma-ray. An attempt was made 
to confirm these lines with a lead radiator. The presence of 
the lines was indicated. However their intensities were 
insufficient to allow conclusive confirmation. 

Using the uranium radiator the two very low intensity 
lines were again studied two half-lives after the initial study 
in Fig. 1. The results of this investigation led to the conclusion 
that their decay was of the same order of magnitude as the 
decay of the other [*! lines. This indicates that they do not 
belong to a 120-140 day Te! impurity for which gamma-rays 
of approximately the same energy have been reported.‘ 
However, because of their very low intensity an exact measure 
of decay was impossible. 

According to the Oak Ridge Isotope Carateane the concen- 


tration of tellurium in the sample should be less than 1/3000 
that of the I, Further communication® indicates that no 
known contamination of any significance is present in their 
fission iodine, from which this source came, except perhaps 
some short-lived iodine which is present to less than two 
percent initially and completely negligible by the time these 
spectrometer investigations were made. In particular this 
communication states that there is no chance of any tellurium 


being present. 
This work was supported by the joint program of the Office 
of Naval Research and the Atomic Energy Commission. 


1G, E. Owen, D. Moe, and C. S. Cook, Phys. Rev. 7 1879 (1948). 

2F. Metzger and M. Deutsch, Phys. Rev. 74, 1640 (1948). 

3 The a herein reported is the value as determined by D. A. Lind, 
J. Brown, D. Klein, D. Muller and J. W. M. DuMond (Phys. Rev., in 
press), on their curved crystal spectrometer. Besides the 364.18 kev gamma 
they have also accurately determined the energies of two other I!4! gamma- 
rays as 80.133 and 284.13 kev. We om indebted to Professor DuMond 
for an advance copy of the manuscrip 

4C. V. Kent and J. M. Cork, fo. Rev. 62, 297 bag ob D. Hill 
and J. W. Mikelich, private communication to G. . Seaborg and I. 
ir) ty x Rev. Mod. Phys. 20, 585 (1948). 

Cox, Superintendent Isotope Control Department, Oak Ridge 
Natlonai Laboratory. 





Erratum: Study of Phase Transitions by Means of 
Nuclear Magnetic Resonance Phenomena 
[Phys. Rev. 75, 398 (1949)] 


NELSON L. ALPERT 


Research Laboratory of Electronics, Massachusetts Institute of Technology 
Cambridge, Massachusetts 


February 28, 1949 
ee (1) on page 399 should read 
Mo= N(gun)*I(I+1)Ho/3kT. 

The end of the second paragraph on page 403 should read: 
“| . the above definition of line width is 1/34 times the 
distance between half-value points, which is normally defined 
as the line width.” 


SN aie 
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Value of the Li(p,7) Resonance* 


EMMETT L. HUDSPETH AND CHARLES P. SWANN 
Bartol Research Foundation of the Franklin Institute, 
Swarthmore, Pennsylvania 
March 2, 1949 





HE recent publication by Herb, Snowdon, and Sala! of 

the value of the first strong resonance in the F(p,7) 

reaction now makes possible a more certain determination of 

the value of the Li(p,y) resonance which is known to occur 

at about 440 kev. The F(p,7) resonance occurs at 873.5 kev,! 

with an uncertainty of about 0.1 percent; we shall designate 
this value as Vp. 

A preliminary report? of a comparison of a fluorine 
resonance and of the lithium resonance as observed with the 
diatomic beam (at voltage 2 V1) has been published. We have 
since made several additional determinations of the quantity 
(2Vii-— Vr) or AV, originally reported as 20+6 kev. In our 
first calculations, the value used for the relative stopping 
power of a target for protons of energy Vy; and Vr was too 
low ; this was also called to our attention by Dr. W. A. Fowler, 
who has kindly sent us the results on similar measurements* 
on the quantity AV which were made at the California 
Institute of Technology. 

A plot of the data of a typical run on a thin target is shown 
in Fig. 1, and other data are given in Table I. — 
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Fic. 1. Position of the first strong resonance in F(p,y) relative to the 
Lig.y) resonance as observed with the diatomic beam. Voltmeter reading 
in 10 kv units. 


TABLE I. Values of AV(2V,_; —V pF) for several runs. 














Run No. Target Thickness (kev) AVo* AV 
1 LiF 7.5 8 11.7 
Thick 
2 LiF 13 26 10.8 
3 LiF 10 23 11.3 
4 LiF Thick 13 13 
5 MnF:?: Thick 13 13 
LiCl Thick 
6 _LiF 15 28 11.4 








* AVo =observed difference between resonance peaks. 





Runs were kept as short as possible consistent with obtaining 
a reasonable statistical accuracy, since we wished to avoid 
deposition of any film or deterioration of the targets. Gamma- 
rays were detected by coincidence counters. In order to make 
certain that no gamma-rays were counted when the lithium 
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resonance was under observation, we placed a centimeter of 
aluminum between the two counters. 

In resolving the data for thick targets, we have measured 
the voltage difference at half intensity for each resonance 
curve. For thin target data, we have observed the width of 
each resonance; the true resonance widths are assumed to be 
5.2 kev! for the fluorine resonance and 12 kev®§* for the lithium 
resonance as observed with the atomic beam (corrected for 
continuous radiation). Actual target thickness was then 
calculated, and in all cases reported -this thickness was 
essentially the same for any pair of runs in which the same 
target was utilized. Targets were also weighed, and, assuming 
that 1 kev of equivalent thickness corresponds (at VF) to 
slightly over 4 micrograms/cm? of LiF, target thickness was 
computed. The agreement between the values was always 
satisfactory within estimated limits of error. 

The stopping power of LiF for protons at Vy; and at Vr 
was assumed to be in the same ratio as the corresponding 
value for air, or approximately 1.67.7 Since the voltage scale 
for the diatomic beam is doubled, we may write for the true 
difference between the two resonances AV=AVo—1.17#, where 
AV is the observed difference and ¢ is the thickness of the 
target for protons of energy VF. 

The existence of thin films* on targets would lead to spurious 
results, and in particular would increase AVo. This may 
account for the slightly higher values observed with thick 
targets, which were prepared without heating, but the 1 kev® 
asymmetry correction applied to thick targets of Licompounds 
may be slightly low. Thin targets were prepared by evapora- 
tion. In one case, we heated a thin target to 200°C, then later 
to 260°C, but no shift in the position of the fluorine resonance 
was observed. 

We tend to weight our data, therefore, to the low side of 
the average, and believe that AV=11.2 kev, the average of 
the thin target data, is probably closest to the true value. 
Using Vr=873.5, one obtains Vyi=442.4 kev, with an 
estimated over-all error of about 1.5 kev. 

* Assisted by the Joint Program of the Office of Naval Research and 
the Atomic ~<a Commission. 

1R. G. Herb, S. C. Snowdon, and O. Sala, Phys. aa. 75, 246 (1949). 
5g to ak Ie work are also given in this pape 
aoa” . Hudspeth and C. P. Swann, Bull. Am. eS. Soc. 24, No. 1, 18 

3W. A. Fowler, private communication. We are indebted to Dr. Fowler 
for calling this to our attention and for a summary of his results. We 
have used the same constants (references 4-7) -. evaluating our data, 
and our results are in agreement within oa 0.5 kev. 

4W. E. Bennett, T. W. Bonner, C. E. Mandeville, and B. E. Watt, 
Phys. Rev. 70, 882 (1946). 

5’ T. W. Bonner and J. E. Evans, Phys. Rev. 73, 666 (1948). 

6W. A. Fowler, C. C. Lauritsen, and T. Lauritsen, Rev. Mod. Phys. 
20, 246 (1948). 

7M. S. Livingston and H. A. Bethe, Rev. Mod. Phys. 9, 271 (1937). 


8W. A. Fowler, C. C. Lauritsen, and S. Rubin, Bull. Am. Phys. Soc. 
24, No. 2, 21 (1949). 





' Disintegration of Cs}*” 
CHarLes L. PEACOCK AND ALLAN C. G. MITCHELL 


Indiana University, Bloomington, Indiana 
February 23, 1949 


ECAY by the emission of a single group of beta-rays 
with an end point of 0.550 Mev to a metastable state 
of Ba"? (156 secs.) has been reported for Cs!*7 (33 years)."? 
From this state an internally converted gamma-ray of energy 
0.663 Mev is emitted. A simple decay scheme was suggested 
from these results. Mitchell and Peacock* measured the ratio 
Nx/Nz for the internally converted electrons as well as the 
internal conversion coefficient ax'. Their measurement of 
these quantities, as well as the known half-life for the meta- 
stable state, indicate that the transition Ba!’ (metastable) 
Ba’ is electric 25 pole. They also pointed out certain diffi- 
culties with the proposed decay scheme. 
In the present experiments the beta-ray spectrum of Cs!37 
has been measured using a 180-degree type magnetic spec- 
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trometer of about one percent resolving power. The detector 
consisted of a Geiger-Mueller counter with a thin Zapon, 
window which will detect electrons of 3 kev and above. The 
source had a surface density of not greater than 0.1 mg/cm? 
mounted on Zapon of 0.01 mg/cm?. 

The spectrum consists of two groups—the main group 
having an energy of 0.521 Mev and relative abundance 95 
percent and a much weaker group having an energy of 
approximately 1.2 Mev and relative abundance 5 percent. 
Figure 1 shows a Fermi plot of the low energy group. In this 
plot the Coulomb factor has been corrected to the atomic 
number of barium (Z=56). The shape of this plot does not 
indicate an allowed transition since it is distinctly concave 
toward the energy axis. 

A thicker source was used to investigate the higher energy 
beta-rays since this group is only 5 percent abundant. A 
Fermi plot of the results is shown in Fig. 2, in which a maxi- 
mum energy of approximately 1.2 Mev is indicated. The 
shape of this plot may not be significant due to the low 
intensity. 

The energy of the gamma-ray causing the internal conver- 
sion electrons has been remeasured and found to be 0.669 
+0.005 Mev. In addition a line of very low intensity appears 
at 25 kev and can be ascribed to Auger electrons arising as a 
result of the internally converted gamma-ray. The gamma-ray 
and the two beta-ray groups appear to form a consistent 
energy level scheme. 

Since the spectrum of the low energy group is the first 
case which has been found in which the Fermi plot is concave 
toward the energy axis, although such a shape has been 
predicted for some time, we have endeavored to fit various 
shape factors, as given by Konopinski and Uhlenbeck*® to 
these data. The (ft.) value for the low energy group is 2.3 x 10° 
and that for the high energy group 1.410". One would 
suppose, therefore, that the low energy group is second 
forbidden, which entails no change of parity, and the high 
energy group third forbidden. In order to fit the data to a 
theoretically forbidden shape, it is necessary to multiply the 
allowed F(Z, W) by certain coefficients C2, given by Kono- 
pinski in his article, and see if the plot (N/F(Z, Wo)-C2)# 
against the total energy gives a straight line. Using Gamow- 
Teller rules, the coefficients C; depend on certain combinations 
of matrix elements (S;;; for Aj = +2, +3; Ty;, Aj for Aj = +2) 
together with certain energy dependent factors a, c, D,, D_, 
and £. ; 

The best fit to the data for the low energy group, is obtained 
using the quantity a only. This gives a remarkably good 
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Fic. 1. (a) Fermi plot of low energy beta-ray group in Cs!*’, (b) Best 
fit to data using the quantity @ only for the correction factor. 
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Fic. 2. Fermi plot of high energy beta-ray group. 


straight line as is shown in Fig. 3 and Fig. 1b. The curve 
obtained using c is also shown for reference, from which it 
will be seen that a curve, concave upwards, is obtained. The 
only coefficient containing c alone is C24 (axial vector) with 
A;=+3 and S;;,40. It would appear, therefore, that Aj= +3 
is ruled out. Of the remaining second forbidden type shape 
factors (G-T rules) all contain combinations of the matrix 
elements A;;, Ti;, and Sijx. Several of these curves have been 
plotted in Fig. 3 for various values of the ratios T,;/Ai;=x, 
Sijzzx/Au=y, and Sijx/Tij=Z. The shape of these curves is 
extremely sensitive to these ratios and no fit can be obtained 
for a second forbidden shape except for A,; very large com- 
pared to the other quantities. This, of course, may happen 
perhaps through the operation of further selection rules than 
those on total angular momentum and parity. 
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Fic. 3. Fermi plots of the low energy group of beta-rays of Cs'87 corrected 
as follows: 
(1) C =a only 
(2) C =c only 
(3) C=Cor with x? =1/30 and Sijzx =O 
(4) C=Cor with x? =0.01 and Sijs =0 
(S) C=Coer with x* =1/30 and y* =0.28 
(6) C=Ce4 with Z?=8.4 
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In the first forbidden interactions, however, the coefficients 
Cir and Cy contain a alone. It seems likely, therefore, that 
the low energy group belongs to the first forbidden class with 
a spin change A4;= +2, and a change of parity. If this be 
first forbidden, the long lifetime would have to be attributed 
to selection rules other than those considered in the general 
theory. The high energy group could be second forbidden 
with 4;=+3 and no change of parity. On this basis, one 
would predict a spin of 9/2 for Cs'#7, 

We are indebted to Professor E. J. Konopinski for many 
helpful discussions. This research was supported jointly by 
the Office of Naval Research and the Atomic Energy Com- 
mission. 

1 Townsend, Owen, Cleland, and Hughes, Phys. Rev. 74, 99 (1948). 

2 J. Townsend, M. Cleland,‘and A. L. Hughes, Phys. Rev. 74, 499 (1948). 

3A. C, G. Mitchell and C. L. Peacock, Phys. Rev. 75, 197 (1949) 


4E. J. Konopinski and G. E. Uhlenbeck, Phys. Rev. 60, 308 (1941). 
5E. J. Konopinski, Rev. Mod. Phys. 15, 209 (1943). 





Charged Particles Emitted by Carbon Bombarded 
by 90 Mev Neutrons 


KEITH BRUECKNER AND WILSON M. POWELL 


Radiation Laboratory, Department of Physics, University of California, 
Berkeley, California 


e March 7, 1949 


ECONDARY charged particles from nuclei bombarded 
by 90 Mev neutrons! produced in the 184-inch cyclotron 
of the University of California Radiation Laboratory were 
examined in a series of preliminary experiments by Herbert 
F. York. He measured the range of these particles at various 
scattering angles from the neutron beam using a telescope of 
proportional counters. His preliminary results indicated that, 
if the particles were all protons, the energy distribution in the 
forward direction showed a broad maximum at about 40 to 
50 Mev and the number per unit solid angle fell to half value 
at about 12 degrees. This result was difficult to reconcile with 
the ideas of a’ semi-transparent nucleus which seemed to 
indicate that a forward peak of protons with energies near 
80 Mev was to be expected. Further, the relatively low energy 
maximum of the observed protons was difficult to reconcile 
with the pronounced forward angular peak. It was expected 
theoretically that large energy loss would be associated with 
several collisions of the emitted particle in the nucleus and a 
resulting more isotropic angular distribution. 
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Fic. 1. (a) Energy distribution of the deuterons leaving carbon within 
12° of the neutron beam. (b) Energy distribution of the deuterons leaving 
carbon with angles between 13° and 24° from the neutron beam. The 
errors indicated are standard deviations based only on the number of 
tracks used to determine the values. 
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It occurred to us that some of these particles might be 
deuterons, because in earlier cloud-chamber experiments, 
tracks had been observed with momenta too high to be 
accounted for by the known neutron energy distribution. 
Further experiments were made immediately by Herbert F. 
York,? Hugh Bradner,’ and us‘ to find out what was taking 
place, and the results obtained with a cloud chamber are 
reported here. 

A 22-inch cloud chamber with a magnetic field of 21,700 
gauss was used. The neutron beam collimated to 4’ X 4" was 
passed along a diameter of the chamber, through a }” carbon 
target, and through a ?’’X}” hole in a 3” glass absorbing 
plate. The glass plate was located in the center of the chamber 
normal to the neutron beam direction, and the carbon target 
was 8 inches from the glass. A fraction of the secondary 
particles from the carbon struck the glass absorber and could 
be identified by Hp before and after passing through the glass, 
The lighted region of the chamber limited the measurement 
of tracks to those which struck the glass absorber along a 
strip 9X 1.1”. 

Protons with energies from 32 to 107 Mev, deuterons from 
25 to 124 Mev, and tritons from 56 to 95 Mev could be 
identified with very small uncertainty in the type of particle 
and about a +6 percent probable error in energy. The angular 
range from 0 to 36° was included, with a probable error of 
about +2° in angle. 

386 recoil particles were measured and identified as 202 
protons, 162 deuterons, and 22 tritons. The energy distribu- 
tions of the protons and deuterons in the angular intervals of 
0-12 degrees and from 13-24 degrees are given in Figs. 1a 
and-1b. The angle at which the angular distribution per unit 
solid angle drops to half maximum is given in Table I. The 


TABLE I. Angular width at half maximum. 











Protons 
32-62 Mev « Isotropic within probable errors 
62-98 Mev 18+3 degrees 
Deuterons 
30-58 Mev 18+3 degrees 
58-93 Mev 11+2 degrees 








data have been corrected for the geometry of the experiment 
and for the finite thickness of the carbon target. These 
corrections are less than 20 percent for the major part of the 
data. 

Further analysis of 207 deuterons with energies above 50 
Mev has confirmed the presence of the distinct group of 
deuterons at 70 Mev indicated in Fig. 1a. 


: TABLE II. Cross sections. 








Protons, Energy 32-107 Mev 





0-12° 3.7+1.8 millibarns 

13-24° 7.6+3.8 millibarns 
Deuterons, Energy 25-124 Mev 

0-12° 2.9+1.5 millibarns 

13-24° 4.5+2.2 millibarns 








The cross sections for these phenomena can be estimated 
from other cloud-chamber work. It has been found that in 
carbon and oxygen stars produced by 90 Mev neutrons, 
12+3 percent give high energy particles which would have 
been included in this analysis. Theoretical and experimental 
work® indicate that the cross section for star formation, i.e., 
for the emission of a charged particle from the nucleus, is 
about $ of the total carbon cross section of 0.550+0.011 barn® 
and can be taken as 0.20+0.05 barn with sufficient accuracy 
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for this purpose. Using these results, the total cross section for 
the production of all the particles observed in this experiment 
taken together is 


o=24+12 millibarns. 


Cross sections for various phenomena calculated on the basis 
of this value are given in Table II. 

The authors wish to thank Dr. Evans Hayward and Walter 
D. Hartsough for their many contributions to this work 
which was done under the auspices of the Atomic Energy 
Commission. 


ae ee E. M. McMillan, and D. C. Sewell, Phys. Rev. 72, 
1003 (1947). 

2 Herbert F. York, Bull. Am. Phys. Soc. 24, No. 2, 16 (1949). 

3 Hugh Bradner, Bull. Am. Phys. Soc. 24, No. 2, 16 (1949). 

4 Wilson M. Powell, Bull. Am. Phys. Soc. 24, No. 2 (1949). 

5 Norman Knable, private communication. 

6 Cook, McMillan, Peterson, and Sewell, Phys. Rev. 72, 1264 (1947). 





Cloud-Chamber Study of Mesons Stopping in 
Aluminum Foils* 
R. L. Coot, E. C. FOWLER, AND J. C. STREET 
Harvard University, Cambridge, Massachusetts 
AND 
W. B. FowLer AND R. D. SARD 


Washington University, St. Louis, Missouri 
March 7, 1949 


STUDY has been made at Climax, Colorado (elevation 
3410 m) of mesons stopping in 0.02 cm Al foils mounted 
in a large Wilson cloud chamber. The experimental arrange- 


ment is shown in Fig. 1. To favor the observation of particles, 


stopping in the chamber, the chamber was expanded by 
anticoincidences A;A,’B;B;'—(C+C’), the notation indicating 
a double coincidence in any one of the four pairs AiA1’, 
A2A2', A3A3’, AsA,4’ coincident with a double coincidence in 
any one of the four pairs B,B,;’, B.B2’, B;B;’, ByB,’ but 
unaccompanied by a pulse from any one of the C or C’ coun- 
ters. The crossed counter arrangement makes this equivalent 
to using 16 telescopes each defining a cone just fitting the 
bottom Pb plate in the cloud chamber. The 10 cm Pb filter 
above the counters reduced the frequency of expansions due 
to the electronic component. 

In 12,100 pairs of photographs (the cameras being 20° to 
each side of the axis of the chamber), we have identified 10 
cases of mesons stopping in the Al foils. Only tracks of counter- 
control age which pass through the top Pb plate and which 
stop well within the illuminated region are reported here; of 
the 10 stoppings, 3 show a light track appearing to originate 
at the stopping point, 1 shows a heavy track appearing to 
originate there, and 6 show no associated ionizing particle. 
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Fic. 1. Experimental arrangement. 
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Fic. 2. A meson stops in the third Al foil from the top of the chamber. 
A heavily ionizing particle emerges from the stopping point and stops in 
the second Al foil. The electron track visible Petween the second and 
third foils is not associated with the event. 


The identification of the stopped particles was made on the 
basis of relative ionization in the different compartments and 
average projected scattering angle in the various plates. 
Thanks to the 1.1 cm Pb plate at the top of the chamber, we 
could, however, readily distinguish between x- and u-mesons 
on the one hand and protons on the other. These methods 
are not sufficiently sensitive to separate x- from y-mesons. In 
one respect, the top Pb plate was disadvantageous—mesons 
whose energy is in the correct range to stop in the foils scatter 
strongly in the Pb plate, and many are thus lost from the 
illuminated region. An estimate of this number can be made 
by calculating from Kraushaar’s data! the number of mesons 
expected to stop. It turns out that 30 are to be expected in 
12,100 expansions. The fact that only 10 are found is chiefly 
due to scattering in the Pb plate. Use of a thinner plate of 
lower Z would be a desirable change. 

From the data of Ticho and Valley? all of the n+ and about 
35 percent of the ~ mesons should decay in Al with the 
emission of an electron. The bias against the detection of 
mesons with decay electrons is small due to the shielding of 
the anticoincidence tray by the lead plates at the bottom of 
the chamber. The chance that a meson stopped and the 
electron track was unobserved is believed to be negligible. 
In this small number of cases, the fact that fewer decay 
electrons are observed than are to be expected on the average 
is probably not significant and may well be due to statistical 
fluctuation. 

Figure 2 exhibits the one case in which a heavy particle 
appears to originate at the point where the meson stops. 
This particle is ionizing many times the minimum value, and 
stops in the next foil well within the illuminated region. This 
event cannot be the decay of a positive +-meson for the 
following reasons: (1) no electron is associated with the end 
of the short heavy track, (2) the emitted u-meson would be 
expected to have a unique energy of 3.8 Mev,’ sufficient to 
penetrate three foils. If the particle is a proton its energy is 
less than 7.8 Mev, if an alpha-particle, less than 31.4 Mev. 

As to the 6 cases in which a meson stops in the Al foils and 
no ionizing particle is observed to emerge—in a single case 
of a meson stopping at a random point within the foils, the 
probability of observing that a proton of energy 7.8 Mev 
emerges is 0.75; of 5.2 Mev, 0.5; of 3.5 Mev, 0.25. The evidence 
of these 6 cases indicates that, at least in a large fraction of 
the cases, if an ionizing particle is emitted when a negative 
u-meson suffers nuclear capture, it is of very low energy. 
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The single case in which a heavy particle, probably a proton, 
is emitted may be either that of the capture of a negative y- 
or x-meson. If it is indeed a r-meson, the result would not be 
unexpected from photographic plate evidence, and further 
the event observed is similar to that observed by Valley‘ in 
argon gas in which he interprets the meson to be most probably 
a negative x. The possibility that the Al nucleus occasionally 
receives enough energy in capturing a negative u-meson to 
emit a proton cannot be eliminated and further investigation 
of the possibility is planned. 

* Supported by Joint Program of the Office of Naval Research and the 
Atomic Energy Commission. 

1W. ushaar, Thesis, Cornell eg, 1949, 

2H. K. Ticho, Phys. Rev. 74, 1337 (1948); G. E. Valley, Jr., Phys. Rev. 

73, 177 (1948). 


3 Lattes, Occhialini, and Powell, Nature 160, 453 (1947). 
4G. E. Valley, C. P. Leavitt, and J. A. Vitale, Phys. Rev. 75, 201 (1949). 





Radioactive Gadolinium and Terbium Isotopes 
F. D. S. BUTEMENT 


Alomic Energy Research Establishment, Harwell, Berks., England 
March 3, 1949 


N investigation by Krisberg and Pool! of the activities 
produced by the neutron activation of gadolinium 
showed. three 8-emitter products with half-lives of 3.5 min., 
18 hr., and 5.5 d. The two latter periods were also reported in 
deuteron-bombarded gadolinium. There was not, however, 
sufficient evidence definitely to assign the activities to elements 
or mass numbers. Seren, Friedlander, and Turkel? measured 
approximate activation cross sections, o, for thermal neutrons 
in gadolinium, for half-lives of 20 hr., 8.6 d., and 9.5 hr. (It 
seems likely that the latter is due to a trace of europium.) 
An investigation of these activities has been made, including 
determinations of o by a pile activation method similar to 
that of Seren et al.,2 and chemical separations on an ion- 
exchange column as used by Ketelle and Boyd.? Beta- and 
y-energies were determined by the usual technique of absorp- 
tion in Al, Cu, and Pb. 
The results for neutron activation of gadolinium oxide are 
summarized in Table I. 


TABLE I. Results for the neutron activation of gadolinum oxide. 











Po Poor smoed Radiation energy Mev 
Half-life Element Gd B Y 
218 +5 sec. _ 0.18 _ _ 
18.0+0.2 hr. Gd SI 0.95 0.055, 0 
6.75 +0.1 d. Tb 0.16 0.52 0.05 (no a 7) 








The identity, within experimental error, of o for the 218 sec. 
and 6.75 d. activities suggests that they must be assigned as 
follows. 


B B 
Gd!#! ———+ Tb!s! ————> Dy'®! stable. 
218 sec. 6.75 d. 


The value of o for the 18 hr. Gd shows that it cannot be an 
isomer of Gd!*!, and this activity is presumably, therefore, to 
be assigned to Gd!®9, 

Investigation of proton- and deuteron-bombarded gadolin- 
ium showed that the 5.5 d. activity, regarded by Krisberg and 
Pool! as being the same as that produced on neutron activa- 
tion, is actually a mixture of two activities with slightly 
different half-lives. One is the 6.75 d. Tb described above. 
The other has a half-life of approximately 5.9 d. and emits 
low energy electrons and 7-rays of energy 1.1 and ~0.3 Mev. 
Its radiation characteristics seem to distinguish it from the 
5.1 d. Tb'** found by Wilkinson and Hicks,‘ which could also 
hardly be produced, in the intensity found, from the low 
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abundance (0.2 percent) Gd!®. It is probably, therefore, a 
new Tb isotope, decaying by orbital electron capture, and 
having a mass number of 156-157-158. A more detailed 
account will be published later. 

Acknowledgment is made to the Director, Atomic Energy 
Research Establishment, for permission to publish these 
results. The writer is indebted to Dr. A. E. Kempton and 
Mr. F. Morgan for providing facilities for cyclotron irradiation 
and ion-exchange separation, respectively. 


IN. L. Saloon and M. L. Pool, Phys. gg 74, 44 (1948). 
2L. Seren, H. N. Friedlander, and S. . Turkel, Phys. Rev. 72, 888 


(1947). 
H. Ketelle and G. E. Boyd, J. Am. Chem. Soc. 69, 2800 (1947). 


4G. Wilkinson and H. G. Hicks, Phys. Rev. 74, 1733 (1948). 





The Beta-Spectrum of A‘! 


H. BROWN AND V. PEREZ-MENDEZ 
Pupin Physics Laboratory, Columbia University, New York, New York 
March 3, 1949 


BETA-RAY spectrometer of the semicircular focusing 

type has been constructed for the investigation of the 
spectra of radioactive gases. The radius of curvature is 13.4 
cm. Detection is by means of a thin mica (1.4 mg/cm?) 
end-window counter. A source chamber containing the gas 
fits into the spectrometer chamber, being separated from it by 
a 2.5 mg/cm? cellophane window; the chamber backing is 
#y” Al. The first defining slit is about 3 cm from the nearest 
part of the gaseous source, whose equivalent thickness was 
about 0.7 mg/cm?. Calibration of the spectrometer was by 
means of photoelectrons from Cu® annihilation radiation, 
with the source being placed at the same position as was the 
first slit in the case of the gaseous source. The distribution of 
electrons leaving the first slit in the gaseous case was assumed 
to be the same as that leaving the solid source for that portion 
of the beam which can reach the counter. This design elimi- 
nates single scattering ipto the beam except from the window, 
the first slit and a small section of the backing. The large 
average distance (2 to 5 cm) of the gaseous emitter from any 
of these scatterers should reduce scattering when compared to 
a solid source of the same total equivalent thickness as the 
source and window used. We regard the spectra obtained as 
less reliable below 300 kev, because scattering in that region 
becomes more pronounced. 

Using a gas-flow probe,! spectroscopically pure argon was 
bombarded by 8 Mev deuteron beams of about 15-25 micro- 
amps. for 40-50 minutes to produce A“! by a (d, p) reaction 
(other activities were negligible); the gas was then transferred 
to the source chamber. A monitor counter, magnetically 
shielded by an iron cylinder, was placed next to the filling 
line, about 5 cm from the source chamber. The ratio of 
spectrometer counts to monitor counts (after subtraction of 
respective backgrounds) gave the spectrum, with a resolution 
of about 2.5 percent; the monitor simultaneously gave a decay 
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Fic. 1. Kurie plot of the A“ spectrum. « is the total (rest +kinetic) 
energy in units of mc*. N is the number of elec trons per unit momentum 
interval. f is the Fermi function 7°F(Z, »). (N/f)* is plotted in arbitrary 
units. Where the statistical error is greater than the size of the points, 
it is shown by vertical lines. 
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curve which showed a half life of 1073 min. The Kurie plot 
of the spectrum, corrected for counter window absorption 
(which must be taken into consideration below 250 kev), is 
found to be linear down to 150 kev as shown in Fig. 1. The 
spectrum thus seems to correspond to the allowed form on 
the Fermi theory. The extrapolated end-point (corrected for 
source window absorption of 5 kev) is 1245+10 kev. This no 
doubt corresponds to the beta-ray of 1180+50 kev found by 
Bleuler, Bollmann, and Zunti? by absorption measurements 
on 109.4 min. half-life A“. The gamma-ray which they found 
exhibits no internal conversion. The ft. value which we obtain 
is 1.26105, putting A* into the allowed class. 


4 Brown and V. Perez-Mendez, Bull. Am. Phys. Soc. 24, No. 1, 12 
(1949 
2 Bleuler, Bollmann, and Zunti, Helv. Phys. Acta 19, 419 (1946). 





Radiation from 225-Day Ag?’® 


Kal SIEGBAHN 
Nobel Institute for Physics, Stockholm, Sweden 
March 8, 1949 


N investigation of the radiation emitted from long-lived 
Ag"° has been performed using a large double-focusing 
spectrometer. The active silver was obtained from Oak Ridge. 
Earlier investigations! showed that the y-spectrum consisted 
of the following components: 0.650, 0.925 (two lines 60 kev 
apart), 1.50 (probably complex) Mev. The §-radiation was 
also known to be complex showing an upper limit of 0.59 Mev 
and containing a very soft component which was absorbed by 
2 mg/cm?. Quite recently an investigation was presented in 
this journal by Cork, Shreffler, and Fowler? who studied the 
internal conversion spectrum and obtained y-lines at 114.2, 
655 and 880 kev. The energy of the hard y-ray was obtained 
by absorption measurements and determined to be 1.38 Mev. 
In the present investigation the existence of a very complex 
y-spectrum has been revealed, which is composed of at least 
10 different y-lines. The energies of the y-lines were deter- 
mined both from the internal conversion electron spectrum 
and the secondary photo electrons ejected from a 3.7-u thin 
lead converter. Both spectra have been investigated in 
considerable detail using good statistics. The resolving power 
of the spectrograph was one percent. The results are shown 
in Table I. 


TABLE I. Energy and intensity of the y-ray lines from Ag™®. 











Estimated intensity Obtained 
y-line y-energy kev of y-ray from 
1 116 weak (strongly conv.) B 
3 656 strong B, 
3 676 weak Boy 
4 706 weak B, y 
5 759 weak B, 7 
6 814 v. weak B 
7 885 strong B,y 
8 935 medium B, 
9 1389 medium + 6, v 
10 1516 medium B, y 








The first line is of special interest since the ratio between 
the K and L conversion lines shows the existence of a meta- 
stable state of long life-time due to a high spin change (most 
probably /=4). All other lines except one have been obtained 
from both the internal conversion spectrum (8) and the photo- 
electron spectrum (y), and check well. 

The 8-components have been studied in two different 
spectrometers. One was provided with a very thin G-M 
window and adjusted for high transmission and moderate 
resolution so that one could use a thin sample. The spectrum 
was treated by Fermi analysis. A very soft 8-component with 
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an upper limit of 87 kev is emitted with an abundance of 
58 percent. The rest of the main spectrum has an upper 
limit of 530 kev and can be shown to be complex, including 
components of lower energies but comparatively small 
intensities. Furthermore, one high energy component of very 
small intensity has been observed, having an end-point of 
2.79 Mev. The existence of this component adds to the 
information about the total energy of disintegration. Other 
information is obtained from coincidence data and intensity 
relations between the main 8- and y-components. A somewhat 
tentative term-scheme can be proposed, which is unusually 
complicated due to the great number of 8- and y-components. 
A full description of the investigation will soon be published. 

1 Deutsch, Roberts, and Elliott, Phys. Rev. © 389 (1942); W. Rall 
and R. Wilkinson, Phys. Rev. 71, 321 (1947); M. Deutsch, Phys. Rev. 


72, 527 (1947). 
? Cork, Shreffler, and Fowler, Phys. Rev. 74, 1657 (1948). 





On the Magnetic Moments of the Nucleons in 
Meson Theory 
J. M. LuTTINGER* 


Swiss Federal Institute of Technology, Zurich, Switzerland 
February 2, 1949 


HE method given previously! for the calculation of the 
magnetic moments of the neutron and proton in the 
pseudoscalar meson theory has now been applied to one 
version of the vector meson theory. The coupling used here 
is that in which the meson field four-vector is directly coupled 
to the current four-vector of the nucleon field.? In the case 
of the meson mass equal to zero this theory reduces to ordinary 
electrodynamics. The other version of vector theory’ leads to 
divergent results for the magnetic moments using this method.‘ 
The former coupling gives convergent results to terms in the 
square of the coupling constant, for all quantities considered. 
The interaction energy density of the meson and the 
nucleon fields in the presence of an external static magnetic 
field is given by:5 


Neutral mesons 
Vv: Vv: 
Hin= (4n)tg,| ve*(a 4-2 )yetus'(c Te “yx 


1 
+ Ample "ve? + (vn*yn)?]. 


v(eor ee] 


+4ng re (Wn*vr) + (Wn *¥P) (YP*yy) J- 


Charged mesons 


Hiae=(8x)¥e.| P (a. 














Here g, is the dimensionless coupling constant; u» is the mass 
of the vector meson; yp, yy the (quantized) wave functions 
of the proton and neutron, respectively; ¢, + the (quantized) 
meson field and its conjugate momentum; D=V—ieAo and Ao 
is the vector potential of the external field. The terms quad- 
ratic in the coupling constant are not unique,’ but as in the 
case of the pseudoscalar theory this lack of uniqueness does 
not affect the values of the magnetic moments. 

In carrying out the calculation it is necessary to have the 
exact solutions of the Dirac equation in the presence of an 
external homogeneous field and also the solution of the vector 
meson equations under the same conditions. The former are 
known from previous work.! In order to find the latter it is 
necessary to solve equations first given by Snyder and Wein- 
berg® for use in the quantization of the vector meson field in 
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the presence of external fields. The solution of these equations 
presents no difficulties: we shall not enter here into any 
details of the calculation. Using these solutions, we calculate 
(to terms in.g.”) the contribution of Hint to the energy of the 
system in the special state in which the nucleon has the 
energy M, and there are no mesons present. The calculation 
is straightforward, and yields the following results: 


Neutral theory 











py™ =0, 
a 6,(2—46,?7+ 5p‘) _, 5» 1 | 
(n) = 2. —$§,2— , Bid = x —, 
cotta Ga—sar co 7 +8 (2—6,#) log-- 
(For 6,=0 this reduces to our previous? result for electro- 
dynamics, as it must.) 
Charged theory 
pv =0, 
= | 6,(2 —e 467+ 5y4) by | 
(c) = —$,2— —1- 32 (2—5,? pate Of 
ppm Ey Spa COs G+aH (2-54) log: 
=2yup™ 


Here yy, up are additions (resulting from the coupling of the 
meson field) to the magnetic moments of the neutron and 
proton respectively, in units of the nuclear magneton; 6, is 
the ratio of meson to nucleon mass. The coupling constants 
in the charged and neutral theories are so chosen that simple 
addition gives the results for the ‘charge symmetric” theory. 

From these results it is seen immediately that this type of 
coupling alone cannot possibly give agreement with experi- 
ment, the moment of the neutron being always zero (to 0(g,?)). 
One possibility of obtaining agreement with experiment would 
be to make a “mixture” theory of these vector mesons with 
our previous pseudoscalar mesons. That such a mixture really 
can be made to give agreement with experiment is by no 
means trivial; it is easily seen however that it is possible when 
the contribution of the neutral mesons to the ‘magnetic 
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moment of the proton is opposite in sign for the two theories, 
This is so in our case. Some justification of a mixture theory 
may come from recent experiments,’ which seem to show 
almost conclusively that a meson of mass approximately 
1000m. exists. Taking these results seriously, we shall see 
what coupling constants are necessary to obtain agreement 
with experiment. 
There are now two possibilities: 


(i) We identify the vector mesons with the new heavy 
mesons (approx. 1000m,) and the pseudoscalar mesons with 
the pi mesons (approx. 300m,). 

(ii) Reverse the identification of (i). 


Call the dimensionless coupling constant of the pseudoscalar 
theory gps (called g in the previous work’), then the results are: 


(i) gp?~ 8, g?~8, 
(ii) gp®~11, g?~6. 


These results are for the charged theory; they differ however 
only very slightly from those in the symmetric theory. 
Although these values of the coupling constants are rather 
large, they are not to be interpreted as meaning that the 
coupling is necessarily strong. The expansion which results 
from weak coupling is probably in powers of 6*g?, where 4 is 
the ratio of meson to nucleon mass. Until the nature of this 
expansion is definitely determined, one can make no conclusive 
statement about the strength of the coupling. 


* National Research Fellow. 

( 1j. ~ Luttinger, Phys. Rev. 74, 893 (1948); Helv. Phys. Acta 21, 483 
1948 

2 See for example G. Wentzel, ey in die Quantentheorie der Wellenfelder 
(Franz Deuticke, Leipzig, 1943), p. 

3 Reference 2, p. 95. 

4F. Villars, unpublished. 

5 N. Kemmer, Proc. Roy. Soc. 166, 127 (1938). We use units with 4 =c =1, 

6H. Snyder and J. Weinberg, Phys. Rev. 57, 307 (1940). 

7 Leprince-Ringuet, Comptes Rendus 226, 1897 (1948); Rochester and 
Butler, Nature 160, 855 (1947); Bradt and Peters, Report to Birmingham 
Conference (1948); Alichanian, Alichanov, and Weissenberg, J. Exp. and 
Theor. Phys. USSR 18, 301 (1948); Brown et al, Nature 163, 47 (1949); 
Brown ef al, Nature 163, 82.(1949). 
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Proceedings of the American Physical Society 


MINUTES OF THE 1948 ANNUAL MEETING AT NEW YorK, JANUARY 26-29, 1949 


HE biggest meeting in the history of the 

American Physical Society, being the 288th 
of the series and the 1948 Annual Meeting, is 
now a thing of the past. It was held in the build- 
ings of Columbia University, New York City, on 
January 26th, 27th, 28th, and 29th, 1949. Meas- 
ured by number of papers it was larger by about 
forty percent than our previous record meeting 
(Washington, 1948) and it was more than twice 
as large as the corresponding meeting two years 
earlier. Measured by registration (an unknow- 
able fraction of which is to be credited to the 
AAPT) it was no bigger than the corresponding 
meeting of one year ago; but this suggests to 
the Secretary that 1900 may be an asymptotic 
value which registration cannot surpass, because 
the registration desk becomes too difficult of 
access. We were forced to have six sessions at a 
time, while the AAPT furnished a seventh. This 
meeting may have been the last at which the 
halls of Columbia University will have sufficed 
for us; these we still hope to be able to use, but 
some of the sessions of the Divisions or even of 
the Society may have to seek quarters afield. 
The housing and servicing of this vast meeting 
was most ably handled by the Local Committee, 
headed by W. W. Havens and comprising 
Alfred Mann, John Nafe, and Albert Prodell; 
lantern operators were provided by other insti- 
tutions of the metropolitan area. 

The Retiring Presidential Address of J. R. 
Oppenheimer, under the title ‘Fields and 
Quanta,” was heard by an audience entirely fill- 
ing McMillin Theatre. The after-dinner speeches 
of 27 January, in the Grand Ballroom of the 
Hotel New Yorker, were heard by four hundred 
and twenty-five who attended the banquet. 
These were ‘‘Freedom versus Security in the 
Modern World” by Robert E. Cushman, Gold- 
win Smith Professor of Government in Cornell 
University; and ‘‘Sentimental Democracy and 
the Forgotten Physicist’’ (the title was deplor- 
ably distorted in the Bulletin) by P. W. Bridg- 
man, Hollis Professor of Natural Philosophy in 
Harvard University. 

Invited papers on the general programme were 
good but few, because the plans of the Divisions 
and the apprehension of a huge number of ten- 
minute papers deterred us from asking for many. 
They are listed’{hereinafter. The Division of 
Electron Physics and{the Division of Fluid 
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Dynamics each arranged two half-day sessions 
of invited papers, the Division of High-Polymer 
Physics no fewer than five. The titles of the 
invited papers of the first two Divisions are 
listed underneath; the papers of the Division of 
High-Polymer Physics are included among the 
contributed papers, because they were provided 
with abstracts (the Council ruled on 28 January 
that abstracts of invited papers shall not be 
printed hereafter). There were no fewer than 247 
contributed ten-minute papers (and 35 invited 
papers of the Division of High-Polymer Physics), 
of which the abstracts are printed hereinafter. 
The total number of papers at this meeting was 
308. 

New Officers. At the Business Meeting of the 
Society, which was held on 29 January, the 
Tellers announced the election of the following 
candidates to office: President, F. W. Loomis; 
Vice-President, |. I. Rabi; Secretary, K. K. 
Darrow; Treasurer, G. B. Pegram; Members of 
the Council (four-year terms), L. W. Alvarez and 
V. F. Weiskopf; Members of the Board of Editors 
(three-year terms), John Bardeen, R. G. Herb, 
and W. E. Lamb, Jr. All took office at the end 
of this Annual Meeting. 

Advent of the inevitable. At the Council meet- 
ing, which was held on 28 January, the Council- 
lors confronted a sombre financial situation 
which is certain to entail the disappearance 
during 1949 of nearly half of the accumulated 
surplus of the Society. Be it emphatically stated 
that this situation is due to the hugeness of the 
Physical Review, which, when account is taken 
of the sharp increase in unit printing costs, fore- 
bodes a deficit far larger than the positive margin 
of income over all of the other expenditures of 
the Society (which also have increased in this era 
of the “‘fifty-cent dollar”). This does not mean 
that our members are publishing more pages 
per capita than they used to; the quotient 
pages/members is less at present than it was 
before the war, but this is not a consoling thought, 
as we suspect that the quotient is destined to 
rise to the former figure. Certain steps to mitigate 
the deficit could be taken by the Council of its 
own authority, and accordingly the subscription 
rate of Physical Review to non-members will be 
lifted and the page charge also. The major 
remedy, however, needed action by the Society 
assembled in its Business Meeting, for the 
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amount of the dues is stipulated in the By-Laws. 
The Council recommended that the dues for 
Members be increased to $15 and the dues for 
Fellows to $20, these new rates to enter into 
force for 1950. The Business Meeting made the 
requisite Amendment to the By-Laws without 
one dissenting vote. The Council felt obliged to 
say that it makes no guarantee that the new 
scale of dues will be sufficient; it hopes for the 
best. 

Also from motives of economy the Council 
decided that the abstracts of contributed (ten- 
minute) papers presented at the meetings are no 
longer to be published in the Physical Review. This 
change in policy will not affect the abstracts of 
the first three meetings of 1949 (those at New 
York, Berkeley, and Cleveland); whether or not 
it will affect the Washington abstracts has not 
been decided. Abstracts of invited papers are no 
longer to be published in the Bulletin or else- 
where. 

Other amendments to the By-Laws. At the re- 
quest of the Council, the Society at its Business 
Meeting authorized two other changes in the 
By-Laws. One of these pertains to the entry of 
newly elected candidates into the privileges of 
membership in the Society; a candidate whose 
dues are received at the office of the Society 
before the first of August of the year of his elec- 
tion will receive his journals from the first of 


January of that year, but a candidate whose’ 


dues are received later on in the year will not 
receive his journals until the following year. 
The other enables a member to enter upon the 
Retired List before attaining the formerly stipu- 
lated age of 65 years, if he is forced to retire 
through disability, or if the retirement age for 
his position is less than 65. The new texts of the 
amended By-Laws are printed hereinafter. 

The Council further nominated J. R. Oppen- 
heimer and G. B. Pegram to three-year terms on 
the Governing Board of the American Institute 
of Physics, and appointed to the 1949 Nominat- 
ing Committee (which will propose candidates 
to office in the Society for terms beginning in 
1950) J. R. Oppenheimer (Chairman), Walker 
Bleakney, R. M. Bozorth, P. W. Bridgman, J. W. 
Liska, W. B. Nottingham, V. Rojansky, J. T. 
Tate, and M. A. Tuve. 

According to reports reaching the office of 
the Society, we have lost these members through 
death: E. Baecklin (Upsala), E. F. Burton 
(Toronto), R. J. Dery (Bureau of Mines), R. L. 
Jones (Bell Telephone Laboratories), A. H. 
Pfund (Johns Hopkins), Fernando Sanford 
(Stanford), A. K. Stauffacher (South Carolina), 
R. C. Tolman (California Institute of Tech- 
nology), H. J. Van der Bijl (Johannesburg), and 
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Edna Meacham (Mrs. Lars A. Welo, New 


Orleans). 
The Council elected 328 candidates to Mem- 


bership and 20 to Fellowship; their names are 
appended. 


Alterations in Its By-Laws Adopted by the 
American Physical Society in 
January, 1949 


Article I, Section I of the By-Laws is amended to read 
as follows: (In its new form it takes effect on the dues for 
1950 and subsequent years.) 

The annual dues of Fellows shall be twenty dollars and of 
Members fifteen dollars, payable on the first of January. 

Article I, Section 2 of the By-Laws is amended to read 
as follows: (In its new form it is applicable to all candidates 
elected to membership in 1949 and thenceforward.) 

The membership of a newly elected Fellow or Member, with 
respect to membership subscriptions and reduced-rate sub- 
scriptions, shall commence on the first of January of the year 
of his election if his annual dues are received before August 
Jirst of that year, and shall commence on the first of January 
of the year following his election if his annual dues are re- 
ceived after July thirty-first of the year of his election. 

The first sentence of Article I, Section 3 of the By-Laws 
is amended to read as follows: 

A Member or Fellow who has retired from his position either 
because of disability or because of having reached the age limit 
for that position, and who has been a member of the Society 
not less than ten years, may upon his request to the Council 
be placed upon a Retired List and exempted from the payment 
of regular dues. P 

Elected to Fellowship: G. D. Adams, R. A. Becker, H. A. 
Boorse, Sergio de Benedetti, R. B. Duffield, G. H. Fett, 
H. M. Foley, Gertrude S. Goldhaber, Felix Gutmann, 
R. D. Hill, H. W. Koch, J. S. Laughlin, K. S. Pitzer, 
C. S. Robinson, Jr., M. E. Rose, R. G. Sachs, A. L. Samuel, 
L. S. Skaggs, C. H. Townes, H. Yukawa. 

Elected to Membership: Sol Aisenberg, James R. Allen, 
Pennaraju Ammiraju, Roy S. Anderson, Martin Annis, 
P. Edward Argyle, Ingemar B. Artholdsson, Robert H. 
Asendorf, Winston C. Backstrand, Edward J. Bair, 
David K. Baker, Ephraim Banks, Norman E. Barnett, 
Gordon M. Barrow, Andrew A. Batza, George B. Beard, 
Olof Beckman, Charles O. Beckmann, Robert E. Bell, 
William R. Bénnett, Mortimer Bercovitch, Jay M. Berger, 
Seth Berglund, Allan Bergstedt, Seymour Berler, Isadore B. 
Berlman, Richard Bersohn, Lawrence R. Bickford, Jr. 
James N. Bierly, George Birnbaum, Robert U. Blaser, 
Erik Blomgren, Thomas E. Bortner, Clarence H. Bower, 
Charles H. Braden, Harold I. Breidenbach, Jr., Gosta 
Brogren, James R. Brown, Henry Brysk, Layton E. Butts, 
John R. Cameron, Lowell F. Cardenas, James E. Carothers, 
LaRoy N. Castor, Jr., Giulie Certini, Jack Charnick, 
Warren B. Cheston, Richard S. Claassen, Donald L. Clark, 
Malcolm A. Clark, A. G. Clavier, Donald F. Clifton, 
Richard T. Cook, Thomas B. Cook, Jr., Robert E. Cote, 
Arthur F. R. Cotton, Mason C. Cox, Donald S. Craig, 
Franklyn G. Creese, Martin R. Dachs, Harry M. Daggett, 
Jr., John M. Danskin, Benjamin B. Dayton, Georges A. 
Deschamps, Louis E. Diamond, Francis J. Donahoe, 
George J. Doyle, Allen H, Drayner, Charles A. Duboc, 
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George E. Duvall, Raymond D. Ellison, Trudy B. Enzer, 
Joyce Epstein, Adolf Eriksson, Ralph A. Evans, Irving 
Feister, Gaetano Ferlazzo, Maurice C. Ferre, Paulo L. 
Ferreira, Bruno G. Ferretti, Edward L. Fireman, George 
Fischer, Frederick C. Flack, Grant R. Fowles, Karl G. 
Friskopp, Per Olof Froman, Stanley C. Fultz, Roger E. 
Gaumer, Hervey P. Gauvin, Robert B. Gibney, Irwin 
Ginsburgh, Jonathan I. Gittleman, Michael J. Glaubman, 
Lettie Ann Glover, Robert H. Goeckermann, David E. 
Goldman, Jack S. Goldstein, Martin R. Goodman, 
Harry E. Gove, H. Graenicher, George W. Griffing, 
Edward G. Grimsal, William Gross, George M. Grover, 
Fricis Gulbis, Eugene V. Haake, Emory E. Hackman, 
Hans Hakansson, Kenyon C. Hammack, Preston C. 
Hammer, Lennart Hansson, James G. Harlow, Howard 
Haselkorn, Henrietta S. Hayden, Frank W. Hayward, 
Kenneth W. Hedberg, Clifford V. Heer, Luise Herzberg, 
John S. Hickman, Richard S. Hill, Wallace A. Hilton, 
Norton M. Hintz, Morris Hodara, Mark E. Hoehne, 
Josef A. Hofmann, Norman R. S. Hollie, David K. Holmes, 
Wayne B. Holmes, Gunnar Holte, William F. Hornyak, 
Jerome J. Howland, Jr., Richard H. Hughes, Leo F. 
Ingram, Abraham D. Isaacs, Edward Jamgochian, Alfred 
C. Jason, Carson D. Jeffries, Georg Joos, David L. Judd, 
Nathan Kaplan, Henry B. Karplus, Frederick Kaufman, 
George R. Keepin, Jr., Bruce A. Kenyon, John O. Kessler, 
Richard W. King, Bernard B. Kinsey, Abraham Klein, 
Robert H. Kraichnan, Marvin E. Krasnow, John Krons- 
bein, John R. Lamarsh, James E. Lamport, George J. 
Laurent, Richard B. Lawrance, Robert S. Ledley, Charles 
A. Lee, Ernest H. Lehmann, W. J. Leivo, Robert M. 
LeLacheur, Sven Lennander, Abraham Liboff, David S. 
Lieberman, Alan B. Lillie, Paul H. Lindenmeyer, William 
N. Lipscomb, Salomon E. Liverhant, Torbjorn Ljunggren, 
Charles C. Loomis, Everett W. Lothrop, Jr., Per-Olov 
Lowdin, John E. Mack, John S. Malik, David E. Mann, 
Dillon Mapother, Alma Marcus, Grace Marmor, William 
M. Martin, Claude Marty, Hasse Mattsson, John M. 
Mays, Earl W. McDaniel, James A. McFadden, 
James A. McLennan, ‘Jr., David B. Medved, 
Marion L. Meeks, Meir Menes, Eugen Merzbacher, 
De Forrest Metcalf, Jr., Max Metlay, Donald I. Meyer, 
Hans A. Meyer, Roy Middleton, Charles E. Miller, 
Charles W. Miller, Solomon L. Miller, Dale El Nielsen, 
Waldo J. Nielsen, Ake Nilsson, Hla Nyunt, D. G. 
O’Connor, Hugh Odishaw, Elmer L. Offenbacher, Sophie 
Oleksa, Richard K. Osborn, Kenneth J. Palmer, Charles H. 
Papas, Bartholow Park, Jonathan Parsons, Wade S. 
Paxton, Edgar A. Pearlstein, Rudolph E. Peierls, Erik M. 
Pell, Jerome K. Percus, Roman C. Pergiel, Axel H. 
Peterson, Chester Peterson, Murray G. Phillips, David 


Pines, William A. Pliskin, Benjamin Post, R. Potier, | 


Sheila C. Power, R. W. Pringle, A. Proca, Thomas E. 
Putnam, Italo F. Quercia, Pierre Radvanyi, Edward M. 
Reilley III, Walter Reininger, Erling S. Reque, Carl 
Reutersward, Carl H. Reynolds III, Avril Rhys, John M. 
Richardson, Robert J. Riddell, Jr., Ira C. Roberts, Berol L. 
Robinson, Robert H. Rohrer, H. W. Rollmann, Bruce 
Rosenblum, Herbert B. Rosenstock, John S. Ross, Aubey 
Rotenberg, I. Warren Ruderman, R. E. Rundle, George S. 
Rushbrooke, James R. P. Sackinger, Paul L. Sagalyn, 
Arne Sandstrom, Wayne M. Sandstrom, Pierre Savel, 
Charles H. Schauer, Milton D. Scheer; Ralph Schiller, 
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Harold W. Schmitt, Herman F. Schulz, George Schwach- 
heim, John M. C. Scott, Russell B. Scott, Ross E. Scroggs, 
Jr., Arch C. Scurlock, Louis Shapiro, Raymond K. Sheline, 
Robert E. Sheriff, Kalman Shure, Anthony A. Silvidi, 
Edward E. Simmons, Jr., Merrill Skolnik, Richard E. 
Slattery, Rudolf E. Slovacek, Daniel Smith, Lloyd Smith, 
James T. Smith, Welborn H. Smith, William A. Snyder, 
Leland T. Sogn, Harold E. Soisson, Anson D. Solem, 
Benjamin F. Spencer, Claude K. Stambaugh, Malcolm L. 
Stitch, Walter C. Stolov, John P. Strange, Robert Stump, 
Francis Suzor, Per Svenonius, Charles J. Swift, Chen-To 
Tai, Champ B. Tanner, Gerald E. Tauber, Jack H. 
Taylor, Robert C. Taylor, Thomas T. Taylor, Henry C. 
Thomas, Charles R. Tieman, Donald E. Tilley, Jayme 
Tiomno, Alvin V. Tollestrup, Richard H. Tourin, Helge 
Tyren, Ervin R. Van Artsdalen, Pieter J. van Heerden, 
Albert W. Van Horn, J. S. van Wieringen, Lawrence J. 
Varnerin, Jr., E. H. Vestine, J. B. Wachtman, Jr., Lloyd W. 
Walter, Jr., Lynn A. K. Watt, Henry M. Watts, Herbert G. 
Webb, Hyman Weinshanker, Philip R. Westlake, John C. 
Wheatley, Gilbert V. Wheeler, James A. Whitney, Benja- 
min Widom, Charles W. Williams, Kenneth R. Williams, 
Alfred B. Willoughby, Pat M. Windham, Henry Wise, 
Wilbur H. Wright, Andrew S. Yeiser, Serge J. Zaroodny, 
Joseph Zelle, Edward J. Zimmerman. ; 
Kari K. Darrow, Secretary 
American Physical Society 
Columbia University 
New York 27, N. Y. 


Invited Papers on the General Programme 


Interaction between waves and electrons traveling to- 
gether. L. BRILLOUIN, Harvard University. 

A general treatment of methods for the production of 
polarized neutrons. MorRTON HAMMERMESH, Argonne Na- 
tional Laboratory. 

Kinetics of nucleation applied to solid-state problems. 
J. H. Hottomon, General Electric Company. 

Special properties of active isotopes identified by the 
mass spectrometer. MARK INGHRAM, Argonne National 
Laboratory. 

The elasticity of soft body tissues. A. L. KING AND 
R. W. Lawton, Dartmouth College. 

Some current misconceptions of N. L. Sadi Carnot’s 
memoir and cycle. V. K. LaMer, Columbia University. 

-u-meson-distinction with G-M counters. ORESTE 
Piccioni, Brookhaven National Laboratory. 

The early work of Willard Gibbs. L. P. WHEELER (re- 
tired from Yale University). 

Models and methods in the meson theory. H. YuKawa, 
Institute for Advanced Study. 


Symposium of the Division of Electron Physics 


Electronic storage of information. L. E. Flory, RCA 
Laboratories. 

Thermionic emission from oxide cathodes: retarding 
and accelerating fields. C.S. Hunc, Purdue University. 

High current-density electron beams. R. G. E. HUTTER 
AND S. W. Harrison, Sylvania Electric Products Company. 

Initiation and maintenance fields of a microwave dis- 
charge. S. Krasix, D. ALPERT, AND A. O. McCousreEy, 
Westinghouse Electric Corporation. 
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Polymorphism and anion rotational disorder in alkaline 
earth carbonates. J. J. LANDER, Bell Telephone Labora- 
tories. 

Electron affinities from equilibrium measurements. 
J. E. Mayer, University of Chicago. 

A broad-band oscilloscope tube. J. R. Pierce, Bell 
Telephone Laboratories. 

Electronic theory of the transistor. W. SHOCKLEY, Bell 
Telephone Laboratories. 

Preparation and electrical conductivity of barium oxide 
crystals. R. L. SPROULL, Cornell University. 


Symposium on Turbulence (Division of 
Fluid Dynamics) 


Some measurements in a round turbulent jet. STANLEY 
Corrsin, Johns Hopkins University. 

Statistical analysis of random functions. Mark Kac, 
Cornell University. 

Statistical theory of isotropic turbulence. T. von 
KArMAN, California Institute of Technology, and C. C. Lin, 
M.I.T. 

Optical methods of measuring turbulence. L. S. G. 
Kovasznay, Johns Hopkins University. 

Turbulence in the atmosphere of stars. MARTIN 
SCHWARZSCHILD, Princeton University. 

Combustion-generated turbulence in relation to flame 
propagation. G. C. WiLLiams, M.I.T. 


Non-Metallic Crystals 


BAI. On the Structure of Ammonium Halides and the 
Nature of the \-Point Transition. E. L. WAGNER AND 
D. F. HorniG, Brown University.—The infra-red spectra of 
thin films of ammonium and deutero-ammonium halides 
were studied at 28°C, —78°C, and — 190°C. The spectra of 
the low temperature modification of the chlorides and 
bromides are compatible with structures in which the space 
groups are 7,' and D,,’, respectively. The corresponding 
ion symmetries are Jz and Vg. These are the simplest 
models consistent with the reported x-ray, optical, and 
piezoelectric properties of the compounds. The —190°C 
spectrum of ND,Br shows a loss of symmetry consistent 
with a reported phase change at — 100°C. Simple selection 
rules appear to be obeyed. Neither chloride nor bromide 
show the reported rotational structure in the 5.6u-band. 
Instead there is strong evidence that at least in the chloride 
this band is an allowed combination involving the torsional 
vibration of the ammonium ion in the lattice, occurring at 
390 cm and 280 cm™ in the chlorides. The situation in the 
bromides is more complicated. Since this peak also occurs at 
room temperature there can be no rotation above the 


A-point. The A-point transition appears to be a simple° 


order-disorder transition. The double maximum in the 3y- 
region is probably due to Fermi resonance. 


BA2. Low Frequency Dispersion in Ionic Crystals Con- 
taining Foreign Ions.* R. G. BRECKENRIDGE, Massachu- 
setts Institute of Technology.—The new dielectric absorption 
recently found in simple ionic crystals at low frequencies! 
has been studied in alkali halides containing foreign ions. 
The results obtained shed considerable light on the nature 
of the phenomenon in the pure crystals and, in addition, 
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indicate that it is possible to study the diffusion of foreign 
ions in ionic crystals by this method. Measurements on 
sodium chloride containing a divalent impurity ion suggest 
that the anomalous effect is due to paired vacancies since no 
absorption is observed if the crystal is not heat-treated to 
introduce negative ion vacancies in addition to the positive 
ion vacancies produced by the foreign ion. After heat 
treatment, however, three anomalous response regions are 
found. One of these corresponds to that found in the pure 
crystal; another is tentatively assigned to the motion of the 
foreign ion, and from it the activation energy for the ionic 
motion may be found; and the third is attributed to the 
motion of a sodium ion in the vicinity of an impurity ion. 

* This work was supported jointly by the Navy Department (Office 
of Naval Research), the Army Signal Corps, and the Army Air Forces 


(Air Matériel Command). 
1R. G. Breckenridge, J. Chem. Phys. 16, 959 (1948). 


BA3. Electric Breakdown in Ionic Crystals.* H. B. 
CALLEN,** Massachusetts Institute of Technology—The 
electric breakdown strength of ionic crystals has been 
calculated using von Hippel’s low energy breakdown crite- 
rion and Froéhlich’s treatment of the interaction between 
the electrons and the vibrational modes. Both the absolute 
magnitude of the breakdown strength and the temperature 
coefficient (which is smaller than that obtained with 
Fréhlich’s high energy criterion) are in good agreement 
with experimental values. The slow electrons, which de- 
termine the breakdown strength, are scattered only by 
vibrational modes of small wave number and are thus in- 
sensitive to the crystallographic directions. The fast elec- 
trons, which are mainly responsible for the production of 
the breakdown paths, are scattered by vibrational modes 
with wave vectors near the Brillouin zone boundaries, and 
are thus direction-sensitive. The breakdown strength is 
direction-independent, and the breakdown path directions 
are governed by the symmetry of the reciprocal lattice, as 
found experimentally by von Hippel and Davisson. 


* This work was supported jointly by the Navy Department (Office 
of Naval Research), the Army Signal Corps, and the Army Air Forces 
(Air Matériel Command). 

** Now at the Randal Morgan Laboratory of Physics, University of 
Pennsylvania. 


BA4. Breakdown of Solid Dielectrics by Electron Ava- 
lanches.* A. voN HIPPEL AND R. S. ALGER, Massachusetts 
Institute of Technology.—In gases breakdown occurs when 
the avalanche produced by one primary electron regener- 
ates with certainty the initiating carrier (Townsend condi- 
tion). In ionic crystals the breakdown strength appears to 
be determined by the probability of exciting lattice vibra- 
tions without reference to the electron supply. The theory 
predicts an increase of the breakdown strength with tem- 
perature. Experimentally we found previously with d.c. an 
increase followed by a decrease, while Malmléw, working 
with a.c., obtained no temperature effect.1 New measure- 
ments with d.c. and a.c. confirm our previous findings. 
Measurements with transients of variable rise times show 
in addition, that the decrease is probably caused by space, 
charge formation. The build-up and decay of space charges 
and the influence of the electrodes on the breakdown 
strength have been investigated. 


* This work was supported jointly by the Navy Department (Office 
of Naval Research), the Army Signal Corps, and the Air Forces (Air 
Matériel Command) under ONR Contract NSori-07801. 

1G. Malmléw and F. Seitz, Phys. Rev. 71, 125 (1947). 
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BAS. Theory of Electron Multiplication in Crystals.* 
FREDERICK SEITZ, Carnegie Institute of Technology.—The 
multiplication of free electrons in strong electrostatic fields 
is examined. This problem is related to that of dielectric 
breakdown if the latter problem is approached from von 
Hippel’s viewpoint of ionization by impact. Let Eg be the 
electrostatic field for which an electron gains energy from 
the field more rapidly than it loses it in exciting lattice 
vibrations. The present work shows that avalanches suffi- 
cient to produce breakdown could occur at a field of about 
0.2Ex through statistical fluctuations. The size of the aver- 
age avalanche grows by 10” as the field is increased by 
about 25 percent if the electrons ionized belong to the bulk 
material. It is concluded however that the avalanches ob- 
served by Haworth and Bozorth and others in the pre- 
breakdown region are probably connected with impact 
ionization of impurity atoms. It is also concluded that the 
interaction between electrons and non-polar lattice vibra- 
tions, hitherto ignored in ionic crystals though not in non- 
polar crystals, is important in polar crystals. This interac- 
tion makes von Hippel’s and Fréhlich’s criteria for break- 
down nearly identical; however, both are too stringent. 


rogram supported by the Bureau of Ships in 


* Contribution to a 
ice of Naval Research. 


cooperation with the 


BA6. Measurement of the Piezoelectric Constants of 
Alpha- and Beta-Quartz. RICHARD K. Cook AND PEARL G. 
WEISSLER, National Bureau of Standards.—The piezoelec- 
tric constants dy; and dy, of alpha-quartz have been meas- 
ured between room temperature and about 565°C. At the 
latter temperature, d1; is about 3 of its room temperature 
value, whereas di, has increased by a factor of approxi- 
mately 23. At a temperature of 573°C (the inversion tem- 
perature), the crystal structure changes to that of beta- 
quartz, and dy, vanishes. The constant dy, for beta-cuartz 
has been measured between about 585°C and 620°C. di, 
appears to be substantially constant over this short range 
of temperature, and differs from d,, for alpha-quartz at 
565°C by only a few percent. The piezoelectric constants 
were deduced from measurements of the equivalent circuits 
of long thin bars driven electrically at frequencies near the 
resonance frequency for the fundamental longitudinal 
mode. The bars were cut with flat faces perpendicular to the 
x axis, and the flat faces were gold plated and used as 
electrodes. The long dimensions of the bars lay in the 
yz plane, and made known angles with the y axis. The 
equivalent circuits were determined with a Q-meter tech- 
nique, and the circuit constants needed for calculation of 
the piezoelectric constants depended only on the measure- 
ment of frequencies and of changes in capacitance. 


BA7. Some Properties and X-Ray Diffraction Pattern of 
Some Inorganic Salts Crystallized by the Critical Tempera- 
ture of Water as Solvent. ZABoy V. HARVALIK, University 
of Arkansas.—Certain inorganic salts as sodium chloride, 
sodium sulfate, barium chloride, and barium nitrate have 
been precipitated in an autoclave at the critical tempera- 
ture of water as solvent. The precipitated salts were re- 
covered by slow expansion of the solvent (water) while 
the autoclave temperature was held a few degrees above 
the critical temperature of water.! X-ray diffraction pat- 
terns were made on a North American Phillips recording 
x-ray diffraction unit and revealed that the crystals ob- 
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tained by this method are somewhat different from crystals 
obtained by conventional means of crystallization. Lattice 
calculations indicate that the salts crystallized at the 
critical temperature of water approach an x-ray diffraction 
pattern closer to the theoretical values and are without in- 
ternal strain.? The crystals are about 3 to 5 microns in 
size, although larger aggregates have been observed. The 
crystals have been used as seeds for conventional crystal- 
lization at temperatures lower than the normal boiling 
point of water. Attempts have been made to obtain larger 
crystals at the critical temperature of water by using 
temperature pulsation, with and without mother liquor 
supply. The crystals thus obtained are larger (0.01 mm to 
1.0 mm) and do not show any difference from crystals 
grown under conventional conditions, as far as the micro- 
scopic inspection is concerned. No x-ray diffraction pat- 
terns have been made yet. 


1 Paper presented by Z. V. Harvalik at the 112th meeting of Am. 
Chem. Soc., New: York, 1947. Pee 
2J. W. Buttrey, Thesis at University of Missouri, MSM (1948). 


BA8. The Vibrational Spectrum of Crystalline Benzene. 
R. D. Marr and D. F. Hornic, Brown University.—The 
infra-red spectrum of crystalline benzene was studied at 
—12°C, —68°C, and —170°C and the liquid at 28°C. As 
predicted theoretically,! the lines are extremely sharp, the 
mean line width for fundamentals being but 7 cm= in the 
crystal. In three cases it is less than the spectral slit width 
(4.5 cm). All out-of-plane degenerate modes are split by 
about 10 cm='. Selection rules agree with the x-ray struc- 
ture. All ungerade fundamentals are observed directly, 
some for the first time. The assignments of Ingold e¢ al.? are 
confirmed except for the Bz, species. There is strong evi- 
dence for changing 15 by about 3 percent. Forty-one 
combination lines are observed. One of these, an extremely 
sharp line at 1311 cm™, appears to violate selection rules. 
We suggest that it is v1, and that the Raman line observed 
at 2618 cm™ is its overtone. An allowed combination with 
vg is observed at 2907 cm™. Ingold’s other data can also be 
satisfactorily accounted for on this basis. Combination lines 
involving torsional lattice modes are observed at — 170°C. 


1D. F. Hornig, J. Chem. Phys. 16, 1063 (1948). 
an “a: C. K. Ingold, and H. G. Poole, J. Chem. Soc. Pt. 1, 


BA9. Symmetry Coordinates in Molecules and Crystals.* 
WILu1AM J. TAYLOR, Ohio State University.—In the treat- 
ment of the vibrations of a symmetrical molecule or crystal 
symmetry coordinates may be formed from sets of equiva- 
Jent coordinates so as to reduce the point group of the 
molecule or the factor group of the space group of the 
crystal lattice. The reduced representations of a set of 
equivalent coordinates in the group may be found by 
general methods. A set of coordinates may be divided into 
equivalent subsets which are in one-to-one correspondence 
with a set of equivalent points (in the molecule or unit cell). 
There is a set of conjugate subgroups which leave the 
points invariant. The representation of the set of coordi- 
nates in the group is completely characterized by the nature 
of the set of points (and subgroups) and by the representa- 
tion of a typical subset in the associated subgroup. Com- 
pact tables may be prepared showing the reduced repre- 
sentation in the group for each possible set of points and for 
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each representation in the associated subgroups. This is a 
generalization by group-theoretical methods of the work of 


Brester.! 


1C. J. Brester, Zeits. f. Physik 24, 324 (1924). 
* This work was carried out under contract between the Office of 
Naval Research and The Ohio State University Research Foundation. 


BA10. Structure and Growth of Evaporated LiF Films 
on Amorphous Substrates. L. G. ScHuLz, University of 
Chicago.—Thin films of LiF were prepared by evaporation 
in a vacuum and studied by means of electron diffraction, 
electron microscopy, x-ray diffraction, and optical methods. 
It was found that on an amorphous substrate deposits 
thinner than a few hundred angstroms showed random 
crystal orientation but as the thickness was increased there 
was a transition to a [111] orientation. The extent of this 
orientation both on the surface and in the interior was 
studied in relation to crystal growth. Electron microscope 
photographs of the film surfaces showed that the individual 
LiF crystals were cubic in shape and increased in size as the 
thickness of the deposit was increased. These cubic crystals 
had considerable vacant space between each other making 
the film porous in texture. 


Cl. Velocity and Attenuation of Sound in Butyl and 
Gr-S Rubbers.* R. S. Witte, B. A. Mrowca, AND 
E. Gutu, University of Notre Dame.—Measurements were 
made in thin strips of rubber from 0.5 to 5 Ke and from 
— 5° to 90°C to extend the temperature range of previous 
work. Above room temperature velocity and attenuation 
are higher in Butyl gum than in GR-S. In all cases the 
velocity increases with decreasing temperature and in- 
creasing frequency. The attenuation shows a peak with 
temperature. For Butyl the peaks are broad and occur at 
higher temperatures than for GR-S. For both stocks an 
increase in frequency gives peaks which are higher and 
sharper, and shifted to higher temperatures. In some in- 
stances there are indications of peaks in the attenuation at 
frequencies beyond our range of measurement. The be- 
havior of the dynamic modulus in the temperature and 
frequency range studied is similar to that of the velocity. 
These results combined with low temperature static meas- 
urements and very low frequency dynamic measurements 
at Notre Dame indicate a U-shaped modulus-temperature 
curve whose minimum broadens and shifts to higher tem- 
peratures with increasing frequency. The U-shaped curve 
can be explained by a generalization of the kinetic theory of 
rubber elasticity taking into account intra- (and inter-) 
molecular forces, while the original theory gives only the 
ascending branch. The generalized kinetic theory is an 
analogue of the so-called Ising model used in the theory of 
ferromagnetism and surface adsorption. 


* Supported in part by the Office of Naval Research. 


C2. Velocity and Attenuation of Supersonic Waves in 
Natural and Synthetic Rubbers.* D. G. Ivey, B. A. 
Mrowca, AND E. Guta, University of Notre Dame.—The 
propagation of supersonic waves in some bulk rubbers was 
studied by Nolle and Mowry! at 10 Mc. A similar study 
from 50 Ke to 10 Mc and from —50°C to 60°C was made 
for Hevea, GR-S and Butyl gum and tread stocks. Peaks 
in attenuation versus temperature were observed. These 
peaks shift to lower temperatures with decreasing fre- 
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quency. At a given. frequency the peaks in Butyl occur 
about 40°C higher than those in Hevea. The attenuation 
peaks for Butyl (a “high loss” rubber) are broader and 
higher than for the other (“lower loss’’) rubbers. For all 
stocks the velocity increases with frequency or decreases 
with temperature, levelling off at low temperatures. These 
results are in qualitative agreement with data obtained by 
the strip method at much lower frequencies. However, for 
bulk waves the real and imaginary parts of two elastic 
constants (bulk and shear moduli) determine sound ve- 
locity and attenuation. Comparison with low frequency 
data requires independent measurement of the shear prop- 
erties as a function of frequency. In the absence of such 
measurements only qualitative comparisons can be made. 
These measurements extend the frequency range studied by 
the strip method (cf. preceding abstract) over several 
decades, and thus give a qualitative knowledge of the 
relaxation spectrum over a wide range. The interpretation 
of the preceding abstract also holds for this extended range. 


rted in part by the Office of Naval Research. 


* Sup 
- Nolle and S. C. Mowry, J. Acous. Soc. Am. 20, 432 (1948). 


1A. 


C3. Rigidities of Polyisobutylene and Polyvinyl Acetate 
Solutions from Wave Propagation Measurements. JoHN D. 
Ferry, J. N. ASHWORTH, AND W. M. Sawyer, University of 
Wisconsin.—Although concentrated solutions of linear high 
polymers behave as viscous liquids in steady flow, they 
support transverse waves at audio frequencies. The wave 
propagation is characterized by the wave shear modulus, 
G, and the damping index, \/xo. In polyisobutylene solu- 
tions, G increases only slightly with frequency, is inde- 
pendent of temperature at constant volume concentration 
(c), is proportional to c*, and depends comparatively little 
on the choice of solvent. Inf polyvinyl acetate solutions, G 
increases considerably with frequency, falls off with in- 
creasing temperature, is proportional to c’, and is markedly 
different in different solvents. The results are interpreted in 
terms of a transient network structure formed by random 
entanglements of the long chain molecules. 


C4. Dynamic Mechanical Properties of Some High 
Polymers. R. BucHDAHL, L. E. NIELSEN, AND RITA 
LEVREAULT, Monsanto Chemical Company.—The dynamic 
elastic modulus and mechanical dissipation factor for a 
series of high polymers have been determined as a function 
of temperature. Data were obtained by different methods: 
(a) electromagnetic vibrators, (b) torsion pendulum, and 
(c) rotating cantilever beams. The frequency of applied 
stress varied from 0.04 to 100 cycles per second. Among the 
materials investigated were polystyrene, polyvinyl chloride, 
and cellulose acetate. Most of the materials are charac- 
terized by a transition over a limited temperature range in 
which the modulus changes rapidly with temperature and 
the dissipation factor goes through a maximum. This 
transition is slightly frequency dependent. The results of 
the dynamic tests are compared with other mechanical 
properties of the materials studied. Some discussion of the 
mechanisms of deformation and damping is given for high 
polymers. 


CS. Acoustic Measurements of Polymer Physical Prop- 
ties. J. W. BaLLou anp J. C. Smita, E. I. du Pont de 
Nemours & Co.—Acoustic methods for measuring the 
elastic and dissipative properties of high polymers in fiber 
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and film form over four decades of frequency (3 to 30,000 
cycles per second) are described. The experimental quanti- 
ties resulting from the three different techniques necessary 
to cover this range are shown to be related, and are unified 
by deriving in each case the parameters of an equivalent 
Voigt Model (elastic and viscous element in parallel) which 
would behave in the same way as the polymer sample. Ex- 
amples of the application of these techniques to the 
characterization of high polymers are given. The effect of 
frequency and chemical and physical structure on the 
derived parameters are discussed, along with the question 
of heat losses resulting from cyclical differential deforma- 
tion. In addition, the application of two of the methods to 
the characterization of the stiffness-temperature behavior 
of high polymers is described. 


C6. Measurement of the Mechanical Properties of 
Polymer Liquids by Ultrasonic Methods. W. P. Mason, 
W. O. Baker, H. J. McSKrmin, AND J. H. HeEtss, Bell 
Telephone Laboratories.—In order to investigate the mo- 
lecular processes which determine the mechanical behavior 
of high polymer liquids, longitudinal and shear wave 
ultrasonic measurements have been made for polyiso- 
butylene liquids for a variety of temperature, chain length 
and frequency conditions. To aid in these measurements 
two new shear wave techniques have been developed. These 
are the torsional crystal method and the balanced shear 
wave-reflection method. The torsional crystal method has 
demonstrated the presence of shear elasticity of the quasi- 
configurational type in the medium frequency range, 
whereas the balanced shear wave-reflection method has 
shown the presence of high shear stiffness of the crystalline 
type at high megacycle frequencies. These measurements 
have been correlated with longitudinal wave measurements 
which show a velocity and attenuation dispersion in the 
high megacycle range and the cause of the dispersion has 
been shown to be due to the appearance of crystalline 
shear elasticity at the high frequencies. The measurements 
have been correlated by a mechanical and potential well 
model. To completely account for all the longitudinal loss, a 
compressional viscosity, an appreciable fraction of the 
second shear viscosity, has to be postulated. 


C7. Elastic Losses of Elastomers at Ultrasonic Fre- 
quencies.* H. S. SAck AND R. W. Atpricu, Cornell Uni- 
versity.—The elastic losses in the frequency range of 0.5 to 
6 Mc were determined by measuring the absorption of 
plane ultrasonic waves in sheets of the material of different 
thicknesses. In order to avoid the difficulties caused by 
standing waves, frequency modulated waves were used. 
The results were checked in some cases by using a pulsed 
ultrasonic beam. All the measurements were made with the 
samples immersed in water. The samples studied were 
natural rubber, butadiene-styrene copolymers of different 
concentration (85-15, to 60-40), without and with carbon 
black (gum stock and tread stock). In general, the absorp- 
tion (per wave-length) increases with increasing frequency, 
but the increase is less rapid at higher frequencies. The 
loaded samples have a higher absorption. As in the low 
frequency range, the losses in the copolymers increase with 
increasing styrene content and with decreasing temperature 
(1°C-50°C). The curve shapes can be explained by relaxa- 
tion phenomena with one or two relaxation times of the 
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order of 10~? seconds. For a more quantitative interpreta- 
tion measurements at higher frequencies are desirable. 


* This research has been supported by the Office of Naval Research. 


C8. Creep and Damping Properties of Polystyrene. 
Joun A. SAUER AND JosEPH Marin, Pennsylvania State 
College.—Creep-time measurements are made on poly- 
styrene specimens for various values of stress. The data are 
given for specimens subject to tension loading, torsion 
loading and also pure bending. Analysis of the data indi- 
cates that the log of the creep rate is proportional to the log 
of the stress amplitude, and that the torsion and bending 
creep properties can be approximately estimated from the 
creep properties in tension. The damping properties of 
polystyrene under alternating tension-compression loading 
have been determined by use of a resonant method. The 
results indicate that the damping capacity varies approxi- 
mately as the stress to the 2.4 power. Tests made on other 
high polymers, including both thermoplastic and thermo- 
setting materials, show a similar dependence of damping 
capacity on stress amplitude. These data are used for 
assessing the relative merits of plastic materials when 
operating at resonance. 


Beta-Radioactive Substances 


D1. Beta-Decay of Be and Theory of Beta-Decay. 
R. E. MarsHak, University of Rochester.—It is extremely 
likely that the beta-decay of Be" involves a spin change of 
three units in view of the measurement ! of the spin of B" 
and the absence of a gamma-ray in the beta transition.? The 
predicted energy spectra and minimum half-lives corre- 
sponding to a spin change of three have been calculated on 
the basis of the five possible interactions, for both like and 
unlike parity. The Fermi constant is taken from the decay 
of He which is treated as an allowed transition. It turns out 
that all matrix elements except four lead to minimum half- 
lives much too long to be reconciled with the observed half- 
life of three million years. The four matrix elements which 
are consistent with the observed half-life lead to exactly the 
same forbidden energy spectrum which is very different 
from the allowed. If preliminary measurements are con- 
firmed (see following abstract), present theories of beta- 
decay will have to undergo serious modification. The effect 
of a correct knowledge of the neutron half-life on the above 
arguments will be discussed. 


1Gordy, Ring and Burg, Phys. Rev. 74, 1191 (1948). 
2D. J. Hughes and C. Eggler, private communication. 


D2. The Spectrum of Be" by Absorption. D. J. HUGHES 
AND C. EGGLER, Argonne National Laboratory.—Marshak 
has shown that the interactions of beta-theory which can 
explain the half-life of Be! all lead to a unique spectrum 
shape. In view of the resulting importance of the Be” 
spectrum to beta-theory, it seems pertinent to report re- 
sults which can be obtained from the Be” beta-absorption 
curve concerning the shape (Dz) calculated by Marshak. 
The absorption curve method, already described briefly,’ 
was designed to give an approximate spectrum shape for 
samples such as Be” too weak for conventional beta- 
spectroscopy. It is based on the comparison of an accurate 
absorption curve of the Be” betas with curves of standard 
substances of known spectral shape. The experimental 
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details of the method will be described and its validity dis- 
cussed using well-known spectra as examples. The results 
for Be” show a shape within experimental error of the 
allowed distribution, and in definite disagreement with 
Marshak’s Dz shape. 

1D. J. Hughes and C. Eggler, Phys. Rev. 74, 1239A (1948). 


D3. Coincidences in Be Beta-Rays.* S. G. HUuGHEs 
AND W. E. STEPHENS, University of Pennsyluania.—Previ- 
ous absorption measurements! of the radiations from Be! ? 
had indicated a tail on the beta-ray spectrum suggesting 
either internal bremsstrahlung or gamma-rays. To clear 
this up, coincidences have been looked for and observed 
with a pair of thin wall Geiger counters and a coincidence 
circuit of resolving time 5-10~* sec. An absorption curve of 
the coincidences indicates that one component is absorbed 
in about 20 mg/cm? of aluminum. This component is at 
least a few percent of the total beta-rays. Since a level in 
B" has been reported? at 411 kev, it seems probable that 
the beta-ray spectrum of Be! is complex, with end. points 
at about 563 kev and 151 kev. Further measurements are 
under way. 


* Supported in part by the joint program of the ONR and AEC, 
and partly by grants from Committee on Advancement of Research of 
the University of Pennsylvania. 

1 Stephens and Bottoms, Phys. Rev. 73, 1269A (1948). 

2 The Be” was kindly supplied by Professors A. L. Hughes and F. N. 
D. Kurie from Washington University. 

§ Lauritsen, Dougherty, and Rasmussen, Phys. Rev. 74, 1566A 


(1948) 


D4. Beta-Ray Spectra of C'*. L. FELDMAN AND C. S. 
Wu.—The beta-ray spectrum of C was investigated with 
the use of a helical focusing magnetic spectrometer. The 
very high specific activity carbon 14! (40 atom percent of 
C4) was made available to us in the form of BaCO, by 
Norris and Snell of Oak Ridge. BaCO; was made into ex- 
tremely thin and uniform sources of thickness around 
15u g/crn* by utilizing an ultrasonic vibrator. Methods? of 
reducing BaCO; to elementary form of carbon were ex- 
tensively investigated. The counter window used is less 
than 30u g/cm’. The Fermi plot of the results give a 
straight line from upper energy limit down to 25 kev. 
Below 25 kev, the Fermi plot begins to deviate slightly 
below the straight line, probably due to the counter 
window effect. The end-point obtained was 1551 kev 
which is in good agreement with results reported from other 
laboratories.? This allowed distribution of the beta-ray 
spectra of C'* is reconcilable with the theoretical distribu- 
tion for AJ=1 (yes) for both Fermi and Gamow-Teller 
selection rules. 


tL. D. Norris and A. H. Snell, Bull. Am. Phys. Soc. No. 3, p. 46 


(1948). ' 

21, W. Ruderman and C. S. Wu, in a. 
* Berggren and Osborne, Bull. Am. Phys. Soc. No. 3, p. 46 (1948); 
Cook, Langer and Price, Jr., Phys. Rev. 74, 548 (1948). 


D5. Production of Radioactive Gases by Deuteron 
Bombardment of Gaseous Targets. H. BROWN AND 
V. PeREz-MENDEZ.—For the investigation of the beta- 
decay of short half-lives (less than 2 min.), a probe through 
which gases may be circulated has been constructed for use 
with the 36-in. cyclotron. The gases were bombarded 
through a thin window in the probe, using modulated 
beams of average intensity up to 15 wa. These gases were 
then pumped to a disintegration chamber, which was 
isolated by stopcocks for the purpose of taking half-life data 
and measuring the concentrations of the activities. Some of 
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the reactions used with the corresponding measured half- 
lives are: N'4(d,2)O, 118+1 sec.; O'%(d, ”)F!’, 66+1 
sec.; Ne®(d, p)Ne*, 40+1 sec. The concentrations of 
active nuclei obtained agree roughly with those to be ex- 
pected from (d,n) and (d, p) reactions at this energy 
(8 Mev) in this region of mass number. They correspond to 
cross sections of about 2X10-*5 cm?. Additional experi- 
ments are in progress and will be reported. 


D6. Radioactive Scandium and Vanadium. N. L. 
KRISBERG AND M. L. Poo, Ohio State University —Com- 
parison has been made of the decay periods obtained from 
the bombardment of titanium of standard isotopic compo- 
sition and the periods obtained by bombarding separate 
samples of titanium electromagnetically enriched with 
Ti*, Ti4’, Ti*®, and Ti® ! respectively. Direct comparison of 
intensities was facilitated by mounting pairs of samples on 
a rotating target. Proton bombardment of standard Ti and 
subsequent chemical separation showed the V fraction to 
decay with half-lives of 33 minutes and 16 days. No other 
periods have been observed in V with proton bombardment. 
The 33-minute period was produced by the reaction 
Ti‘7(p, m) with approximately ten times the intensity 
with which it was produced by the reaction Ti“(p, +) and is 
assigned V4’, Assignment of the 3.4 day half-life to Sc*? was 
definitely confirmed by comparing the reactions Ti‘*(d, a) 
and Ti®(d, a). The half-life was determined to be 3.43.02 
days. The Ti®(d, a) reaction was shown to give the 1.83 
day half-life of Sc**. 


1Supplied by the Y-12 plant, Carbide and Carbon Chemicals Cor- 
poration through the Isotopes Division, U. S. Atomic Energy Com- 
mission, Oak Ridge, Tennessee. 


D7. The Beta-Ray Spectra of Cu®*. R. D. ALBERT AND 
C. S. Wu.—Positron and ntgatron spectra of Cu® have 
been investigated in the Columbia helical focusing beta-ray 
spectrometer.! By using thinner and more uniform sources 
and employing a more rigorous Coulomb correction factor,? 
the deviation at the low energy region was greatly reduced 


as compared with previous work’ reported from other 


laboratories. The observed electron distribution agrees 
with the theory from upper energy limit down to ~70 kev. 
The deviation in the case of positron appears to start at 
a much higher energy ~200 kev. However, the difference 
of the area under the momentum distribution curves be- 
tween the experimental and theoretical distribution for 
both positrons and electrons is only about 1-2 percent of the . 
total emission, It seems probable that the remaining small 
observed deviation is instrumental and the Cu spectra are 
in good agreement with Fermi theory. Further work on 
Cu" is in progress. 


1 Wu, Havens, Albert, and Grimm, Phys. Rev. 73, 1259(A) (1948). 

2C. Longmire and H. Brown, in press. 

3 J. Backus, Phys. Rev. 68, 59 (1945); C. S. Cook and L. M. Langer, 
Phys. Rev. 73, 601 (1948); G. E. Owen and H. Primakoff, Phys. Rev. 
74, 1406 (1948). 


D8. The Slow Neutron Induced Activities of Ger- 
manium.* Y. H. Woo,** C. E. MANDEVILLE, M. V. 
SCHERB,*** AND W. B. KEIGuHTON, Bartol Research Founda- 
tion.—GeO: was irradiated by slow neutrons in the Oak 
Ridge pile on three successive occasions. The 12-hour, 40- 
hour, and 11-day periods have been noted on decay curves. 
The 12-hour Ge”? emits beta-rays having a visual limit at © 
1.74 Mev. A small number of beta-gamma and gamma- 
gamma coincidences were observed to decay with the 12- 
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hour period, indicating the presence of soft gamma-rays. 
Absorption measurements showed that the beta-rays of the 
11-day activity are conversion electrons. A comparison of 
the absorption curve with that of the conversion electrons 
of *In™5 yields a gamma-ray energy of 0.32 Mev. Coinci- 
dences were found between the conversion electrons and the 
soft x-rays of the germanium-gallium region. Critical ab- 
sorption measurements in zinc and copper confirmed! the 
presence of the gallium Ka line. No beta-beta, beta- 
gamma, or gamma-gamma coincidences were found, sug- 
gesting that a single highly converted gamma-ray of energy 
0.32 Mev is emitted in the 11-day activity. 

* Assisted by the joint program of the Office of Naval Research and 
the Atomic Energy Commission. 

National Central University and Academia Sinica, Nanking, 

Cie Princeton University. 


we Woodward, Pool, and Finston, Phys. Rev. 74, 1263 


D9. Disintegration of Ag 110 into Isobars Pd 110 and Cd 
110. Fu-Cuun Yu, Lin-SHENG CHENG, AND J.D. KURBATOV, 
Ohio State University—It was previously reported that 
Ag 110 of 225 days half-life disintegrates by emission of 
electrons of complex spectra with upper energy limit of 
0.59 Mev, and by emission of three gamma-rays of energies 
0.66, 0.90 and 1.4 Mev. Since two stable isobars Pd 110 and 
Cd 110 are known, the radiations of Ag 110 were studied in 
the present work to establish the mode of disintegration. 
The presence of x-rays of ~20 Kev was found in the com- 
plex radiations of Ag 110. Coincidence absorption of 
gamma-rays produced a simple exponential drop of the 
number of (y, y) coincidences against lead absorber thick- 
ness with total u equal to the sum of yu: of 0.66 Mev gamma- 
ray and ue of 0.90 Mev gamma-ray, showing that these two 
gamma-rays are emitted in cascade. No coincidences were 
observed for the gamma-ray of 1.4 Mev with the two previ- 
ous gamma-rays. A scheme of disintegration of Ag 110 will 
be proposed. 


D10. Beta- and Gamma-Rays of Antimony 125. 
BERNARD D. KeErn,! A. C. G. MITCHELL, AND DANIEL J. 
ZAFFARANO, Indiana University.—The nuclear spectrum 
of Sb¥5 (2.7 years half-life) has been measured with a 
magnetic lens spectrometer. The source, obtained from Oak 
Ridge, was made by bombarding tin with neutrons. The 
Sb”5 grows from Sn™5, The gamma-ray spectrum was ob- 
tained by measuring the energies of photoelectrons ejected 
from a thin lead radiator. Photo lines corresponding to 
gamma-rays of energies 0.638, 0.614, 0.478, 0.432, and 
0.172 Mev were observed. The beta-ray spectrum contains, 
in addition to the disintegration electrons. internal con- 
version lines corresponding to gamma-rays of energies 
0.110, 0.125, 0.174, and 0.431 Mev. The beta-ray spectrum 
appears to be complex with end points at 0.659, 0.281 
Mev, and perhaps one or more lower energy groups. The 
metastable Te”® (of some two months half-life?) was sepa- 
rated from an aged Sb'5 source. Its spectrum consists of 
one internally converted gamma-ray of energy approxi- 
mately 0.110 Mev. The K/L ratio for this line was found 
to be 1.2. This work was assisted by the joint program of 
the Office of Naval Research and Atomic Energy Com- 
mission. 


1 Atomic Energy Commission Fellow. 
we Goldhaber, and Scharff-Goldhaber, Phys. Rev. 74, 981 
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D11. Presence of a New Long-Lived Cs Isotope -in 
Fission.* NATHAN SUGARMAN, Los Alamos Scientific Labo- 
ratory and University of Chicago.—Radioactivity from four 
fission products believed to be long-lived, namely, Se”, 
Pd!°7, [29 and Cs'*5 has hitherto not been observed.! The 
radiations of a long-lived Cs activity extracted from fission 
product gases have now been detected. The timing of the 
experiments was such as to indicate that the new activity 
is Cs'*5, the daughter of 9.2-hour Xe'**. Two samples of 
Xe's5, 36 curies and 30 curies, containing some 5.3-day 
Xe were prepared at the homogeneous pile at Los Alamos. 
The gas and the container were washed and the solution 
was analyzed radio-chemically. A new Cs activity was 
found, the maximum energy of the §-radiations being 
0.21+0.01 Mev as determined by Feather analysis. No 
radiation was detected. On the assumption that the new 
Cs activity is of mass 135, the half-life of Cs!* is (2.10.5) 
10° years. The cross section for pile neutron activation 
of Cs'%5 to give 13.7-day Cs'8* was also measured and is 
~15 barns.’ ¢ 


* Assisted by the joint program of ONR and the AEC. 

1 J. Am. Chem. Soc. 68, 2411 (1946); Rev. Mod. Phys. 18, 441 (1946). 

? This determination was made at the Argonne National Laboratory, 
Chicago, Illinois. 


D12. The Characteristic Radiations of Praseodymium 
(142).* C. E. MANDEVILLE, Bartol Research Foundation.— 
The 19.3-hour! period was activated when PrO: was bom- 
barded by slow neutrons for two hours in the Oak Ridge 
pile. Measurements were commenced twenty-five hours 
after removal of the irradiated material from the pile. 
No chemical separations were performed. An aluminum 
absorption curve gave a maximum beta-ray energy of 2.22 
Mev. A coincidence absorption experiment showed the 
presence of a hard gamma-ray at 1.74 Mev. This gamma 
ray has been previously observed.'? Using very high count- 
ing rates in the beta-ray counter and a coincidence re- 
solving time of 0.10 microsecond, a small beta-gamma 
coincidence rate was detected which decreased to zero at 
0.049 g/cm? in aluminum placed before the beta-ray 
counter, indicative of a soft beta-ray spectrum (end point 
215 Kev) of low intensity coupled with gamma-radiation. 
The hard beta-rays lead to the ground state of the re- 
sidual nucleus. A lead absorption curve gave evidence of 
a soft gamma-ray as well as the hard radiation. Gamma- 
gamma coincidences were observed and measured, but no 
beta-beta coincidences were found. 

* Assisted by the joint program of the Office of Naval Research and 
the Atomic Energy Commission. 


1 DeWire, Pool, and Kurbatov, Phys. Rev. 61, 564 (1942). 
2 Mandeville, unpublished data, 1943. 


D13. Gamma-Radiation from Neutron Activated Ytter- 
bium.* J. M. Cork, H. B. KELLER, J. Sazynsk1, A. Stop- 
DARD, AND W. C. RUTLEDGE, University of Michigan.— 
A specimen of ytterbium oxide, supposedly chemically 
pure, was irradiated in the Oak Ridge pile for 2 months, 
and subsequently studied in photographic beta-spec- 
trometers and with ionization electrometers. To obtain 
satisfactory resolution in a wide region of energies, photo- 
grams were taken in each of three permanent magnet spec- 
trometers set at 173, 290, and 386 gauss, respectively. The 
yield of electron lines due to the internal conversion of 
gamma-rays was surprisingly abundant, there being in 
all about 40 lines observed. If the gamma-emission follows 
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the beta-emission from ytterbium (Z=70), then the 
K-—L-—M differences of the conversion groups should be 
characteristic of lutecium, (Z=71). It appears that the 
many electron lines are resolvable into two groups some of 
which have a short half-life and the others a long decay 
period (~105 days). By noting the fit obtained with the 
K-—L-—M energies all lines were found to satisfy well 
the differences to be expected if the source contained not 
only ytterbium but also erbium. In all, about ten gamma- 
rays are found for each element. Their energies and their 
associated half-lives have been precisely determined. 


* This project was supported by the Atomic Energy Commission and 
the Office of Naval Research. 


D14. The Beta-Ray Spectrum of RaE. R. Morrissey 
AND C. S. Wu. Investigations made in this laboratory of 
the §-ray spectra of Cu“ and S*5 using very thin sources 
and backings and employing a refined Coulomb correction 
factor showed close agreement with Fermi theory from the 
upper energy limit down to the very low energy region. 
This led to a re-examination of the 8-ray spectrum of RaE 
under similar experimental conditions. Carrier free RaE 
sources were prepared by electroplating RaE on a platinum 
electrode from a solution of RaD and E and then redis- 
solving and depositing the RaE solution on a thin collodin 
backing (~6y g/cm?). The Fermi plot of the results after 
correcting for atomic screening effects still showed marked 
continuous curvature away from the energy axis over the 
entire region. This is in good agreement with the data of 
G. J. Neary! from upper energy limit to ~180 kev. Below 
180 kev our Fermi plot continues to curve concave upward 
while Neary’s reaches a maximum and then drops off 
rapidly. The fitting of Cer (the second forbidden correction 
factor for tensor interaction) to RaE data will be discussed. 


1G. J. Neary, Proc. Royal Soc. A, 175, 71 (1940). 


Brookhaven Equipment; General . 
Nuclear Physics 


El. Design of the Brookhaven High Energy Proton 
Synchrotron.* M. G. WHITE, Princeton University.— 
Final design specifications have been completed for most 
of the components of a 75-foot proton synchrotron which 
will yield 2-3 Bev protons or 4-6 Bev alpha-particles. The 
useful acceleration aperture will be approximately 7’’ X30”. 
Ions accelerated to 3-4 Mev by an electrostatic generator 
will be injected when the magnetic field reaches 300 gauss; 
acceleration to high energy will be accomplished by a 
large radiofrequency transformer surrounding the ion 
orbit. The shape of the magnetic field in the gap will be 
controlled by running currents through pole face windings. 
From model magnet tests it is known that very little pole 
face corrective current will be required at injection time 
and none over the rest of the cycle up to about 9000 gauss. 
Above 9000 gauss saturation effects will require consider- 
able, but not unreasonable power, for field correction. 
Calculations on the effects of gas scattering show that the 
residual air pressure must be kept below 2X10-§ mm of 
Hg. Several of the large components are under construction 
by subcontractors and the magnet foundation is now being 
laid. 


* Work done at Brookhaven National Laboratory, under the auspices 
of the Atomic Energy Commission. 
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E2. Ferromagnetic Ferrites for a Cosmotron Accelerat- 
ing Unit.* MAarTIN PLOTKIN AND JOHN P. BLEWETT, 
Brookhaven National Laboratory.—The accelerating unit in 
the Brookhaven Cosmotron will consist of a ferromagnetic 
core excited by a primary winding which is fed from a 
variable frequency source. The proton beam will be ac- 
celerated by the electric field associated with the alternat- 
ing flux in the core. For our frequency range of 0.3 to 4.2 
megacycles the best material for the core appears to be 
one of the recently developed ferromagnetic ferrites in 
which permeabilities of the order of 1000 are available. 
The permeability is found to be a function of frequency, 
temperature, signal amplitude, size and shape of the sam- 
ple. The permeability has a complex value; at high fre- 
quencies the imaginary component becomes appreciable 
while the real part drops rapidly. The behavior of perme- 
ability vs. frequency is principally due to a combination 
of eddy current and magnetic resonance effects. When air 
gaps are introduced into the magnetic circuit, anomalous 
effects appear due to the complex permeability. Measure- 
ments will be reported on resistivity, specific heat, thermal- 
conductivity and losses at operating frequencies and power 
levels. The resistivity measurements have been made as 
a function of frequency and temperature. 


* Work done at Brookhaven National Laboratory, under the auspices 
of the Atomic Energy Commission. 


E3. Propagation of Electromagnetic Waves guided by 
Magnetic Materials.* JoHN P. BLEWETT, Brookhaven 
National Laboratory.—A perfect analogy exists between 
transmission lines in which current flows in conductors, 
electric fields are normal to the conductors, and magnetic 
fields are tangent to the conductors, and transmission lines 
in which magnetic flux carried in ferromagnetic ‘‘con- 
ductors” replaces the current and the directions of the 
electric and magnetic fields are interchanged from the 
usual direction. Two cases of the latter type of transmis- 
sion will be discussed, one in which the radiation is guided 
by a parallel “‘conductor” line, the other in which the guid- 
ing medium is a thin sheet of ferromagnetic material. The 
velocity of propagation and the attenuation can be com- 
puted as functions of the properties and dimensions of the 
material. Experimental checks of the theory will be pre- 
sented and propagation effects in the accelerating unit of 
the Cosmotron will be discussed. 


* Work done at Brookhaven National Laboratory, under the auspices 
of the Atomic Energy Commission. 


E4. Effects of Eddy Currents on the Field of the Cosmo- 
tron Magnet.* M. Hitprep BLEWETT, Brookhaven Na- 
National Laboratory.—In order to minimize eddy current 
effects, the C-shaped magnet of the Cosmotron will be 
constructed of half-inch laminations. However, eddy cur- 
rents can cause appreciable changes in the distribution of 
the magnetic field particularly early in the cycle, near 
injection. An approximate calculation has been made of 
these eddy current phenomena. The usual one-dimensional 
analysis of the rate of penetration of flux across the 
laminations has been made and the relaxation method has 
been applied to obtain a field-plot of the spatial distribu- 
tion of flux throughout the iron of the magnet. From these 
computations, have been obtained the changes in the dis- 
tribution of the magnetic field in the gap near the central 
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orbit. The final results are in reasonable agreement with 
the experimental measurements on a model magnet, re- 
ported in the next abstract. Fortunately, the remanent 
field in the magnetic gap has such a distribution that a 
large part of the eddy current effect is compensated. 


* Work done at Brookhaven National Laboratory, under the auspices 
of the Atomic Energy Commission. 


E5. Dynamic Magnetic Measurements on Cosmotron 
Magnet Model.* G. K. GREEN, H. S. SNYDER, AND L. W. 
SmitH, Brookhaven National Laboratory.—The pulsed mag- 
net of a proton synchrotron type accelerator must main- 
tain an accurately shaped field over a wide range of values 
(275 to 14,000 gauss in the Brookhaven Cosmotron). One- 
third scale models of a C-magnet arc subtending 74° have 
been measured dynamically over a scaled operating cycle. 
Measurements of the first few milliseconds of the pulse 
cycle indicate that half-inch lamination thickness can be 
used, and that the remanence of the magnet almost exactly 
cancels the eddy current transient. At higher fields the 
effects of saturation are so large as to require heavy com- 
pensating currents on the pole faces. The measurements 
have been made with a differential flux coil and integrator 
technique. Steady state measurements of the model are 
made with a servo-flux meter of variable magnification 
arranged to draw field curves automatically. 


* Work done at Brookhaven National Laboratory, under the auspices 
of the Atomic Energy Commi ission. 


E6. Experimental Facilities to be Available at the 
Brookhaven Nuclear Reactor, CLARKE WILLIAMS, Brook- 
haven.—The Brookhaven reactor, which will be available 
for experiments the latter half of this year, is air cooled, 
graphite moderated, and fueled with normal uranium. 
With this design a number of simultaneous independent 
experiments can be performed. For experiments, one hole 
12-inches square into the center of the reactor, and several 
4-inch square holes at various levels, running 38 ft. clear 
through the graphite and both shields, permit the installa- 
tion of apparatus inside the pile or allow a collimated 
neutron beam out. A number of automatic devices are 
installed allowing controlled irradiation of samples for 
periods as short as 10 seconds. The top shield consists of 
4 feet square blocks removable to accommodate thermal 
columns or other large equipment. The thermal neutron 
flux available ranges from 5X10" at the center to around 
10" neutrons/cm* sec at the graphite surface. Labora- 
tories specially designed for physical, chemical, biological 
and medical research, accommodating over eighty sci- 
entists and technicians, are a part of the reactor building. 
A hot laboratory in which amounts of radioactive material 
emitting up to fifty curies of 2 Mev gammas can be ma- 
nipulated, is being built nearby. 


E7. Nuclear Reaction Energies as Integral Multiples of 
a Natural Unit. ENos E. Witmer, University of Pennsyl- 
vania.—The writer! has pointed out before that the masses 
of stable nuclei in the ground state appear to be integral 
multiples of a natural unit of mass, which he designates 
the prout. The prout is defined to be the nuclear mass of 
O'* divided by 82012. Actually the masses of some of the 
unstable nuclei in the ground state appear to conform to 
the integral multiple rule also. Among these is the mass 


of the neutron. It follows that nuclear reaction energies 
involving stable nuclei and neutrons should be integral 
multiples of the prout. This should also be true of some 
reactions involving unstable nuclei. This is confirmed by 
the thirteen most accurately measured reaction energies 
in the Nuclear Physics Tables of Mattauch and Fluegge. 
Seven of these reaction energies are in the recent table of 
reaction energies in Bainbridge’s Isotopic Weights of the 
Fundamental Isotopes. Wherever there is a change from 
one table to the other it is toward better agreement with 
the integral multiple rule. A complete table will list other 
accurate measurements of nuclear reaction energies. 


1 Enos E. Witmer, Proc. Nat. Acad. Sci. 32, 283 (1946). 


E8. The Masses of Nuclei from Neon to Chlorine. 
H. T. Motz ano R. F. Humpnreys, Yale University.*— 
Between A=20 and A=35 some sixty nuclear reactions 
have been reported in the literature. In addition, the masses 
of neon 20 and 22, aluminum 27, sulphur 32 and 34, and 
chlorine 35 have been determined by mass spectrograph 
measurements. Employing these as anchor points a dia- 
gram of mass differences obtained from nuclear reaction Q 
values is constructed. The internal consistency is made 
readily evident by the closed polygons appearing in the 
mass chain. In several cases three or four independent 
checks on a Q value are possible. Discrepancies of the 
order of 0.5 Mev are revealed, while the neon reactions 
show an even larger inconsistency. New measurements of 
the Q values for Mg(dp)Mg and Si(dp)Si (using enriched 
silicon targets**) will be presented which, at least in part, 
remove some of the difficulties in establishing the nuclear 
mass values. 


* Assisted by the Joint Program of the Office of Naval Research and 
the J Atomic Energy Commission. 
** Enriched silicon produced by Carbide and eit We fgene 
and obtained on allocation from the Isotopes Div., U.S.A.E.C. 


E9. On the Production of + Electron Pairs in the Field 
of an Electron.*:! J. A. PHILLIPS AND P. GERALD KRUGER, 
University of Illinois—Only two? y-ray energies of 6.13 
+0.14 and 7.12+0.2 Mev are observed from CaF; bom- 
barded with 5 Mev protons by examining 84 electron pairs 
formed in CH, in a cloud chamber. The intensity ratio is 
~4. These values are based on new magnetic field measure- 
ments using a flip coil and proton magnetic moment tech- 
niques. The ratio of pair to triplet production is CZ?/Z 
where C for these data is 3.63 for CH, (1430 pairs, 97 
triplets); 3.97 for air (3441 pairs, 118 triplets); 4.11 for 
argon (6484 pairs, 89 triplets); with a most probable value 
of 3.92+10 percent. The energy distribution of the low 
energy negative electron of the triplet has been measured 
for triplets in CH, and in air. 


* This work in yy by the Office of Naval Research. 
1 Phillips and hys. Rev. 74, 1259 nen 
2 Phillips and cea, Phys. Rev. 72, 164 (1947) 


E10. Luminescent Spectra of Phosphors Useful in 
Scintillation Counters. J. C D. Mitton anv R. Hor- 
STADTER,* Princeton University—We have examined by 
means of a small Hilger quartz spectrograph the lumines- 
cent spectra of the more important organic and inorganic 
materials currently used in scintillation counters. The 
phosphors were irradiated with the gamma rays from a 
1.8 or a 25 mc Ra source. Eastman 103-0 plates were used. 
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Exposures varied from 2 hours for the inorganic to 72 
hours for some of the organic phosphors. The results are 
shown in the following table. 


Center of band of Width at 
Crystal phosphor emitted light half maximum 
A A 
Naphthalene 3450 +50 150 
Anthracene 4440 60 
Phenanthrene 4100 100 
4300 110 
Stilbene(E.K. Co.) 4200 —_ 360 
4080 (strong) 100 
Nal(TI) 4100 850 +100 
KI(TI) 4000 600 +100 


It is of interest to note that the spectra of anthracene and 
phenanthrene are composed of narrow bands. There is 
some agreement with the luminescence emitted after ultra 
violet excitation.! 


* This work was assisted by the Joint Program of the Office of Naval 


Research and the Atomic Energy Commission. 
1J. Stark, Physik. Zeits. 8, 481 (1908); W. von Meyeren, Zeits. f. 


Physik 61, 329 (1930). 


Eil. Pulse Size Distributions in Scintillation Counters.* 
R. HorstapTerR, J. C. D. MILTON, AND J. A. MCINTYRE, 
Princeton University—A ten channel discriminator and 
501 amplifier have been used to obtain distributions of 
pulse size in various scintillation counters for incident Co® 
gamma-radiation. The curves of counting rate in any 
channel vs. photomultiplier voltage are characterized by 
maxima displaced towards higher voltage in the higher 
channels. Such behavior is expected when counting a fixed 
number of events. The curves do not come down to zero 
at the higher voltages where photomultiplier noise sets in. 
However, the accuracy of measured points is not good at 
these voltages since large backgrounds must be subtracted 
from the data. We have noticed quite large changes for 
NalI(T1) in the measured curves by employing a collimated 
beam of gamma-rays. These changes tend to move the 
higher voltage regions of the curves towards zero counting 
rate. This observation suggests that scattered gamma-rays 
from the surroundings are counted when gamma-ray beam 
precautions are not taken. With such precautions, flat 
regions are observed in total counting rate plotted against 
voltage. Results will be given for NaI(T1), ant’1racene and 
stilbene.f Stilbene pulses, incidentally, have decay times 
less than our ultra fast amplifier constant (2X10-® sec- 
onds). 


* This work was assisted by the Joint Program of the Office of Naval 
Research and the Atomic Energy Commission. 
t Name of original discoverer unknown to us. 


E12. Resolving Times of Naphthalene and Polystyrene! 
Counters. WitL1aM J. MacIntyre, Yale University.*— 
In the application of crystal counters to particle detection 
it has been found that the characteristic high efficiency and 
low resolving time has made them adaptable to coincidence 
counting. Resolving times of naphthalene and polystyrene 
counters have been investigated by delaying the pulses 
produced by the crystal counter-electron multiplier tube 
and coincidence counting with pulses from a proportional 
counter of known resolution. In this method beta particles 
travel through the proportional counter and penetrate the 
crystal. When coincidences per unit time are plotted against 
delay time the resolving time of the combined counters is 
obtained, from which the resolving time of the crystal 
counter can be found. In the coincidence circuit employed 
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several stages of differentiating units are used, thus the 
initial rise time of the pulse is the principal factor involved. 
For naphthalene this time has been observed as less than 
6X 10-® seconds and for polystyrene as less than 4X 10-* 
seconds. 


* Assisted by the Joint Program of the Office of Naval Research and 
the Atomic Energy Commission. 

1 Polystyrene as a crystal counter is being investigated by J. A. Rich 
(private communication). 


E13. Waveforms Associated with the Discharge of a 
Geiger Tube. G. G. KELLEY, W. H. JORDAN, AND P. R. 
BELL, Oak Ridge.—The shape of the current pulse from a 
self quenching Geiger tube has been measured and com- 
pared with the theoretically predicted shape. We observe a 
sharp rise in current at the beginning of the discharge and 
a sudden decrease at the end. If the current due to the mo- 
tion of the positive ions is calculated and subtracted from 
the observed waveform, there remains a square pulse of 
current which is attributed to electron collection. This 
amounts to about twenty percent of the total and lasts 
for the duration of the discharge. These results are some- 
what different from the observations of Alder et al.1 On 
the other hand we are using a much faster amplifier (rise 
time ~0.02 usec.) and record single traces. 


oe” Baldinger, Huber, and Metzger, Hel. Phys. Acta 20, 73 


Reactions of Transmutation 


Fl. Angular Distribution of Photo-Neutrons from Deu- 
terium and Beryllium. BERNARD HAMERMESH AND ALBERT 
WATTENBERG, Argonne National Laboratory.—Preliminary 
measurements have been made of the angular distribution 
of photo-neutrons from deuterium and beryllium with 
Na* y-rays (2.76 Mev). Sources of approximately 40 curies 
were employed. The detector was a BF; counter embedded 
in paraffin. The detector and source subtended half angles 
of less than 9° at the target. The angle between the in- 
cident -rays and the emitted neutrons was varied by 
moving the y-ray source. Measurements were taken at 
0°, 20°, 40°, 55°, 75°, and 90°. The data for both deuterium 
and beryllium! were found to fit a curve of the form 
a+b sin?@ within experimental error. For deuterium a pre- 
liminary value of a/b of 0.24 was found in agreement with 
N. O. Lassen.? For beryllium a/b is found to be about 1.5. 
The data have been corrected for the finite angles sub- 
tended by source and counter, for room scattering of the 
neutrons, and for the neutrons produced in the deuterium 
naturally contained in the paraffin. These corrections are 
being subjected to further investigation. 


iE. Guth and C. T. Mullin, Phys. Rev. 74, 833 (1948). 
N. O. Lassen, Phys. Rev. 74, 1533 (1948). 


F2. Photodisintegration of Deuterium and Beryllium by 
the Gamma-Rays of Na*‘ and Ga’*, ArtHur H. SNELL, | 
E. C. BARKER AND R. L. STERNBERG, Oak Ridge National 
Laboratory.—Samples of pile-activated Na and Ga were 
inserted in spheres of D,O and Be, and the resulting photo- 
neutron sources were placed in the center of a spherical 
air cavity in a large block of paraffin. The photoneutron 
outputs were measured with parabolic indium foils placed 
in the paraffin. (As a standard for comparison, S. Bern- 
stein supplied a Ra-y-Be source which had been.compared, 
directly or indirectly, with other sources which had been 
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absolutely calibrated in three independent measurements. ) 
The Na and Ga sources were then dissolved, and their 
strengths were determined by beta-counting of aliquots. 
Following a few corrections, simple theory leads to the 
derivation from these measurements of the quantities 
ZYiaio; where a; is the relative intensity (mean number of 
quanta per disintegration) of the ith gamma-ray above the 
photoneutron threshold, and o; is the associated photo- 
disintegration cross section. The results for Ziajo; are as 
follows: 


Na—D,.0:14.5X107* | Ga—D,0:2.84x10-% 
Na—Be:6.82 x 1078 Ga—Be:2.18X 10778 


For Na, a=1 and the figures give the cross sections in 
cm? for 2.76 Mev gamma-rays. For Ga, the results will 
be compared with the published disintegration schemes of 
Haynes! and Mitchell, Zaffarano, and Kern.? In absolute 
precision, the figures are thought to be correct within 10 
percent. 


1S. K. Haynes, Phys. Rev. 74, 423 (1948). 
2A. C. G. Mitchell, D. J. Zaffarano, and B. D. Kern, Phys. Rev. 73, 
1424 (1948). 


F3. The Interaction of Protons with Tritium. A. HEM- 
MENDINGER, G. A. JARVIS, AND R. F. TASCHEK, Los Alamos 
Scientific Laboratory.—Tritium gas was stored as uranium 
tritide, evolved by heating, compressed by a mercury lift 
into the gas target of the Los Alamos 2.5 Mev electrostatic 
accelerator, and recombined with uranium when evacua- 
tion of the target was desired. The target gas was confined 
by 0.1-mil thick aluminum foil; suitable precautions were 
taken to save the gas in the event of failure of the foil. The 
gas samples were invariably contaminated with varying 
amounts of hydrogen, and the fraction of hydrogen present 
was determined by measurements of proton-proton scatter- 
ing from tritium and hydrogen targets at known pressures. 
A few measurements of the proton-triton differential scat- 
tering cross section, a by-product of these experiments, 
will be reported. The reaction T*(p,n)He® proves to be a 
useful monoergic laboratory source of neutrons with (calcu- 
lated) threshold at 986 kev ard a yield curve which rises 
continually up to 2.5 Mev, the highest energy at which 
observations were made. The total cross section at 2 Mev 
proton energy is 0.4 barn. 


F4, Spectrum and Angular Distribution of Neutrons 
from Be+ .* P. C. GuGELot, Princeton University.— 
An internal cyclotron target of Beryllium of 1 Mev stop- 
ping power was bombarded with 16 Mev protons. The 
spectrum of the neutrons emitted from the reaction Be®+p 
was studied by means of the recoil protons in Ilford 
B2 100u photographic emulsions. To investigate the angu- 
lar distribution for the neutrons 12 aluminum detectors 
(threshold for the Al??(n,p)Mg?’ reaction is 2 Mev) were 
activated in a semicircle of 9 cm radius around the Be 
target. The detector intensity distribution curve was com- 
pared with a semitheoretical distribution curve calculated 
in the following way. It was assumed that the neutrons 
were emitted isotropically in the center of gravity of 
Be+ . The neutron spectrum, which was obtained at 0° 
with respect to the proton beam, was accordingly trans- 
formed for the other angles. The theoretical cross section 
of Al as given by an extrapolation from the statistical 
theory of Weisskopf and Ewing! for elements of medium A, 
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was then used with the neutron spectrum at a particular 
angle to give the relative activity of Mg?’ at that angle. 
The calculated detector activity distribution agreed with 
the experiments. 

* This work was assisted by the Joint Program of the Office of Naval 


Research and the Atomic Energy Commission 
1V. F. Weisskopf and D. H. Ewing, Phys. "hee. 57, 472 (1940). 


F5. Comparison of Li(p,7) with a F(p,v) Resonance.* 
EmMEtTT L. HuDSPETH AND CHARLES P. Swann, Bartol 
Research Foundation.—A standard of voltage calibration 
with the Li(p,7) resonance at 440 kev has been questioned,! 
and more recent work? again indicates that this value is too 
low. However, the 440 kev value is implied in other*® 
recent experiments. In the course of calibrating our gen- 
erating voltmeter, we have compared the “862 kev” 
resonance in the F(p,y) reaction with the “440 kev” 
resonance in Li(p,7) as observed with the diatomic beam. 
Thick and thin targets of LiF have been used for this 
work, and hence the two reactions weré observed in each 
instance with the same target. The results depend on as- 
suming linearity of our generating voltmeter over only a 
very limited range. It is found that the Li(p,7) resonance 
occurs with a diatomic beam whose energy is 20+6 kev 
higher than the atomic beam which produces the F(p,7) 
reaction. This yields (449+3)-878 kev!” or (441+3)-862 
kev? as values for this resonance pair. 


* Assisted by the Joint Program of the Office of Naval Research and 
the Atomic Energy Commission. 

1A. O. Hanson and D. L. Benedict, Phys. Rev. 65, 33 (1944). 

2R. G. Herb, S. C. Snowden, and O. Sala, Phys. Rev. 74, 1256A 


a 
3S. Rubin, C. W. Snyder, C. C. Lauritsen, and W. A. Fowler, Phys. 


Rev. 74, neetA (1948). 


F6. Angular Distribution of Li®(d,a)a. ROBERT RESNICK 
AND D. R. INGLIs, The Johns Hopkins University.—The 
intensity of the reaction Li®(d,a)a varies with angle as 
1+A(E) cos?@+B(E) cos‘@, just as in the case of Li?(p,a)a 
for which an analysis has already been given. For Li®(d,a)a 
it is again the Bose statistics of the alphas that makes 
analysis possible. It is assumed that Li® has even parity so 
that only s,d---deuterons are relevant here, in contrast 
to Li?(p,a)e in which p,f--+-protons are involved. The two 
analyses differ also in the spin combinations, but are 
similar in the assumption of only two contributing states 
of the compound nucleus, with angular momentum quan- 
tum numbers 0 and 2. The Li®(d,a)a treatment with two 
sharp levels is compared with that for one sharp and one 
broad level. The latter is found simpler and adequate for 
obtaining agreement with the experimental A(EZ) and 
B(E). The theoretical formulas rather naturally give the 
general form of the experimental results, including the 
feature that both A(EZ) and B(E) rise more slowly in the 
Li®(d,a)a reaction than in the Li?(p,a)a reaction as the 
bombarding energy is increased from zero, a consequence 
of the spherical symmetry of the entering s waves which 
participate in the Li® reaction only. 


F7. Neutrons from the Be*(d,n)B” Reaction.* J. W. 
Butter, J. E. Evans,** C. W. Maticu,*** anp J. R. 
Risser, Rice. Institute-—Measurements of the thin target 
excitation curve for the production of neutrons from the 
bombardment of beryllium by deuterons' have been 
made, using as detectors argon or proton recoils in propor- 
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tional counters containing these gases. The angular dis- 
tribution of the neutrons was also determined for a number 
of bombarding energies up to 1.75 Mev with a polyethylene 
foil counter. No narrow resonances are found. There is 
evidence for a broad resonance at about 1.1 Mev bombard- 
ing energy and a new neutron group with a Q-value of 
about —0.7 Mev. To check on the existence of this new 
group, proton recoils are being studied in a high pressure 
cloud chamber containing ethane. 


* Assisted by the Joint Program of the Office of Naval Research and 


the Atomic Energy Commission. 
** Now at Los Alamos Scientific Laboratory, Los Alamos, New 


Mexico. 
*** Now at Naval Research Laboratory, Washington, D. C. 


1 Malich and Risser, Phys. Rev. 73, 648A (1948). 


Fs. Q Values from Alpha-Particle Bombardment of 
Boron. R. J. CREAGAN, Yale University.*—Observations 
of B(ap)C reactions so far has been made using natural 
alpha-particles and poor geometry. In spite of careful 
attempts the maximum energy measured for protons 
emitted at 0° falls short of calculations based on mass 
spectrographic data of B!° and C™. A target has been bom- 
barded with 7.4-Mev alphas produced in a cyclotron and 
attempt has been made to observe the maximum energy 
protons. It was found at 90° that a Q of 3.9 Mev resulted, 
which is within experimental error of checking mass spec- 
trographic data. At 0° maximum energy protons corre- 
spond to a lower Q value. It appears that there is a strong 
assymetry in yield of protons from the group, which makes 
it difficult to measure maximum energy at 0°. From re- 
sults at 90°, it appears that no serious discrepancy exists 
for this reaction. Other Q values observed are: +0.8 Mev, 
—0.5 Mev, —1.1 Mev. 


* Assisted by the Joint Program of the Office of Naval Research and 
the Atomic Energy Commission. 


Fo. Angular Distribution of End-Group Protons from 
B”+d.W.C. REDMAN, Yale University.*—A combination 
bombardment and photographic detection chamber was 
used to record the end-group protons from a solid BO; 
target which was bombarded by deuterons ranging from 
1.1 to 3.1 Mev energy, in increments of 0.7 Mev. Ap- 
proximately 600 tracks per angle were measured for some 
12 angles lying between 10° and 165°. The observed dis- 
tributions are complex, exhibiting marked asymmetry 
with the yield predominantly in the forward direction. A 
peak near 90° appears and seems to persist with varying 
bombarding energy. Attempts to fit the distribution curves 
with a fourth order cosine series have proved unsuccessful. 


* Assisted by the Joint Program of the Office of Naval Research and 
the Atomic Energy Commission. 


F10. Angular Yield of Protons from N'4(dp)N"®. L. D. 
Wyty, Yale University.*—Recent studies of the angular 
distribution of particles emitted in transmutations have 
shown that there may be not only a high variability in 
yield with angle but also marked changed in the distribu- 
tion as the energy of the bombarding particle is changed. 
In order to extend these studies to other elements a gaseous 
bombardment chamber has been constructed to study the 
angular distribution of the long range protons emitted from 
the bombardment of N“ by deuterons. Observations made 
between 15° and 135° for five different deuteron energies 
between 1.5 Mev and 3 Mev give smooth curves of yield 
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as a function of the cosine of the angle in the center of 
mass system. The yield, however, is in general not sym- 
metric with respect to the 90° point with the greatest 
yield in the forward direction. The curves, while simple in 
character, are not easily analyzed. Disintegration protons 
at 90° were observed by a proportional counter as a moni- 
tor for the reaction. 


* Assisted by the Joint Program of the Office of Naval Research and 
the Atomic Energy Commission. 


F11. Ionization Chamber Observation of the Reaction 
N!4(n,p)C'4.* W. FRANZEN, J. HALPERN, AND W. E. 
STEPHENS, University of Pennsylvania.—An attempt has 
been made to achieve high resolution in the measurement 
of the Q of slow neutron (,p) reactions by use of a cylin- 
drical ionization chamber with electron collection. The 
bandwidth of the linear amplifier used with the chamber 
is chosen so as to produce the best possible signal-to-noise 
ratio while retaining the advantages arising from the use 
of electron collection. For the purpose, the “rise time’’ of 
the linear amplifier used with the chamber is adjusted to 
be 7.5 usec; while the “clipping time” is about 5 usec. 
A test of the system by observation of the pulse height dis- 
tribution arising from the N'(,p)C* reaction induced by 
slow neutrons shows that the contribution of the amplifier 
noise to the half-width of the distribution curve is of the 
order of 2 percent of the total pulse height. A comparison 


- of the total ionization produced by Po-alpha-particles to 


that produced in N'*(n,p)C" gives a Q value for the reaction 
somewhat larger than a number of previously published 
values if proportionality between total ionization and energy 


is assumed. 


* This work was supported by a Joint Program of the Atomic Energy 
Commission and the Office of Naval Research. 


F12. Proton Energies from K*-*!(d,p)K*42, V. L. 
Sartor, Yale University.*—Targets of natural potassium 
iodide have been bombarded with 4 Mev deuterons and 
the energies of the protons emitted by the reactions at 90° 
to the incident beam have been measured. The Q-values 
which have been calculated from the observed proton 
groups and the relative intensities of these groups are listed 
in the table. 


Relative Relative 

Mev intensity Mev intensity. 
8.2 +0.2, 0.02 2.8+0.1 1.8 
7.6 +0.2 0.04 2.2+0.1 5 
5.51+0.05 1.0 2.0+0.1 3.5 
4.62 +0.05 a2 1.340.1 7.5 
3.38 +0.05 6.0 0.6+0.1 6.0 


All of these groups may be attributed to K*°(d,p)K* or 
K“\(d,p)K® since a target of PbI2 was found to have no 
appreciable yield. 


* Assisted by the Joint Program of the Office of Naval Research and 
the Atomic Energy Commission. 


F13. Stopping of Fission Fragments in Gases. E. C. 
CAMPBELL, W. M. Goon, AND W. A. STRAUSER, Oak Ridge 
National Laboratory.—Studies of the range in air of those 
fission fragments of U?* emitting delayed neutrons have 
been reported.! Results have now been obtained by the 
same method for the absolute ranges Ree and Rss and 
straggling parameters of the 22 and 55 second delayed 
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neutron emitters in hydrogen, deuterium, helium and 
argon. The influence on the straggling and range of the 
source-detector geometry and of the source thickness has 
been investigated. The observed fission fragment ranges 
are shorter in H; than in D2 at the same pressure. In both 
gases the ranges are anomalously short, as observed by 
other workers. The relative straggling increases with the 
mass number of the stopping gas. These results are in 
accord with the theory of Bohr,? and show clearly the 
importance of nuclear collisions in the stopping of heavy 
particles. Results are given in the table. 


He Ds He Air A 
Re in mg/cm? 676 1.43 2.07 2.42 3.31 
Res in cm N.T.P. 7.60 8.00 11.6 1.87 1.86 
Ros in mg/cm? 854 1.78 2.44 3.07 4.48 
Rss in cm N.T.P. 9.60 9.95 13.7 2.38 2.52 
23, = eS Good, E. O. Wollan, W. A. Strauser, Bull. Am. Phys. Soc. 


2N. Bohr, "he. Rev. 59, 270 (1941). 


Contributed Papers on Fluid Dynamics 


FA1. Recent Continuum Theories of Fluid Dynamics. 
C. TRUESDELL, Naval Research Laboratory.—In recent 
years, three generalizations of the Navier-Stokes equations 
by continuum treatments have been brought forward: 
Reiner’s theory of compressible fluids; Rivlin’s theory of 
incompressible fluids; and the author’s general theory. 
Expressions for the stress given by the two former are 
quite similar to each other, but quite different from that 
calculated from the last, which yields a generalization of 
Burnett’s equations in the kinetic theory of gases. The 
author’s theory is based upon principles of invariance, both 
dimensional and tensorial, while the Reiner-Rivlin theory 
is based upon tensorial invariance alone, without recourse 
to dimensional principles. The present paper compares and 
contrasts the Reiner-Rivlin theory with the author’s 
theory, by discussing the dimensions of the coefficients 
occurring in the former. It is demonstrated that the 
Reiner-Rivlin theory must employ in addition to the usual 
viscosity a modulus ¢o of the dimension time, and thus is 
essentially a relaxation time theory. Such a modulus is not 
admitted in the author’s theory, in which there occurs the 
modulus ®&, whose dimensions are (length)*/(time)* (temp.) 
and which for perfect gases may be taken as the gas con- 
stant (p= Rpé). It is shown that if in the author’s defini- 
tion of a fluid ® be replaced by ¢o, all the remainder of the 
definition being left as it is, then the Reiner-Rivlin theory 
results. 


FA2. Calculation of Compressible Flow Past an Ellipsoid 
of Revolution by an Integral Method. M. M. KLEIN AND 
W. PERL, National Advisory Committee for Aeronautics.— 
Some calculations of the continuous potential flow past 
ellipsoids of revolution have been made by: an integral 
method! for free-stream Mach numbers up to the limiting 
value M; for which a solution exists by this method. The 
streamline curvature function was chosen to make the dis- 
turbance velocities at small thickness ratio r and small 
Mach number M proportional? to 7? log Vur. The potential 
limit Mach numbers M; are much closer to unity for the 
ellipsoid of revolution than for the same two-dimensional 
profile. Thus, for r=0.3, M; is about 0.98, with higher 
(subsonic) values for lower r. For the same thickness 
elliptic cylinder, M;=0.76. The lower critical Mach number 
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for r=0.3 is 0.85 (ellipsoid) and 0.65 (elliptic cylinder). 
These and further calculations may indicate that the actual 
breakdown of potential flow, as evidenced by the steep 
drag rise, should occur about 0.14, 0.18, and 0.21 Mach 
number later for bodies of revolution of r=0.1, 0.2, and 
0.3, respectively, than for the corresponding two-dimen- 
sional profiles. 


1W. Perl, Calculation of Compressible Flow Past Aerodynamic Shapes 
by | Cy of the Streamline Curvature, NACA TN No. 1328, June, 1947. 
R. Sears, Quart. App. Math. 5, No. 1 (April, 1947). 


FA3. On Converging Viscous Flow in a Wedge. S. A. 
ScHAAF AND P. L. CHAMBRE, University of California, 
Berkeley.—It is shown that steady state radial purely 
converging flow in a wedge does not exist for all wedge 
angles when the Reynolds number based on centerline 
velocity and the radial distance is less than 2.71. An ex- 
pression is obtained for the maximum wedge angle as a 
function of Reynolds number. In the limit for zero Reynolds 
number, the maximum wedge angle is 180°. 


FA4. On the Correlation Tensors in Compressible 
Fluids. M. Z. Krzywosiocki, Naval Ordnance Labora- 
tory and University of Ilinois.—Von K4rm4n and Howarth 
derived the correlation tensors of second and third ranks 
in an incompressible fluid. In the present paper the author 
derives the analogous tensors in a compressible fluid. The 
velocity components are substituted by the ‘flow density” 
components. With the assumption that the density is con- 
stant, the author’s second rank correlation tensor trans- 
forms into von Karman’s form. 


FAS. The Reversal Theorem of Linearized Supersonic 
Aerodynamics. Max M. Munk; Naval Ordnance Labora- 
tory—According to this theorem, the drag and the lift 
slope of an airfoil does not change if the direction of forward 
motion is exactly reverse. A simple proof of this reversal 
theorem based on dynamic principles is presented. 


FA6. A New Superposition Principle in Gas Dynamics. 
R. C. Prim, Naval Ordnance Laboratory and Princeton 
University.—The following superposition principle is estab- 
lished for steady flows of frictionless, thermally non- 
conductive gases having a state equation of the form 
p=P(p)S(s) (op =density, p= pressure, s = specific entropy): 
Let W, be the reduced velocity vector of a plane flow field 
in which is a unit normal vector. Let Q be any scalar 
function in the plane which satisfies 


W,-gradQ=0 
(that is, Q is constant along each individual streamline 


of W,). Then, spatial reduced velocity fields are given for 
all such W, and Q (for which 0=w*=1) by 
W=(1-@)*W,+nQ. 

Each of these spatial reduced velocity fields is associated 
in turn (by the author’s extension of the Munk-Prim 
Substitution Principle) with the vast variety of actual 
velocity fields obtainable by assigning the ultimate velocity 
magnitude arbitrarily for each streamline. 


FA7. On Transonic Flows. ALEXANDER WEINSTEIN, 
Naval Ordnance Laboratory.—F rom recent results it appears 
that Tricomi equation yzz2+%,,=0 is equivalent, in the 
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subsonic regime, to the equation (*) wsz+tUyy +(3y)“ uy =0 
of an axially symmetric generalized potential in a fictitious 
space of two and one-third dimensions (see A. Weinstein, 
Trans. Am. Math. Soc. 63, 342-354 (1948)). Several solu- 
tions of (*), including the fundamental solution, remain 
valid in the supersonic regime and give new examples of 
transonic flows. 


FA8. Theory of the Shock Tube. G. N. PATTERSON, 
Naval Ordnance Laboratory and University of Toronto.—In 
its simplest form the shock tube consists of a straight tube 
inside of which is a diaphragm that separates two com- 
partments containing gases at different pressure and tem- 
perature. Such an instrument can be used for the study of 
(a) the properties of non-stationary plane shock waves 
(reflection, refraction, etc.); or (b) stationary flow patterns 
at high Mach number. The object of this investigation was 
to develop a simple, reliable theory of the operation of a 
shock tube to facilitate the design and future develop- 
ment of this instrument. The theory is based on the 
following wave system which follows the rupture of the 
diaphragm: (a) a centered rarefaction wave with a front 
moving to the left (say), (b) a shock wave moving to the 
right, and (c) a surface of density discontinuity (contact 
surface) following the shock wave to the right. Using this 
wave pattern, based on experimental evidence, calculations 
were made to relate the pressure ratio across the shock 
wave to the initial conditions in the tube. From this relation 
the full performance of the tube can be determined. The 
special conditions of pressure, temperature and gas com- 
bination required to produce very strong shock wave sor 
very high Mach number have been calculated. 


FA9. On the Refraction of a Shock-Wave at an Air- 
Water Interface. H. POLACHEK AND R. J. SEEGER, Naval 
Ordnance Laboratory.—The characteristics of shock-wave 
refraction at an air-water interface are of practical im- 
portance for military purposes. These characteristics must 
be known in order to be able to estimate the effect of bomb 
bursts above the surface of the water upon submerged 
bodies. The equations governing the refraction of a plane, 
step shock-wave entering water from air at an arbitrary 
angle are formulated. Numerical results giving the strengths 
and positions of the resulting wave configurations for a 
moderately strong incident shock wave are presented. An 
approximate, explicit solution is derived on the basis of a 
linearized theory. The results indicate that for shock waves 
of moderate strength, such as are obtainable in a shock 
tube, the deviations from rigid-wall reflection are relatively 
small. Significant deviations, however, do occur in the 
neighborhood of the extreme angle of incidence, where 
some discrepancies from theoretical predictions have been 
observed in the Princeton shock-tube experiments for 
regular reflection from a “rigid” wall. It is suggested that 
these discrepancies may be due partially to the fact that 
the reflecting surface was not entirely rigid. 

FA10. The Detached Shock Wave in Front of a Conical 
Nose at Supersonic Speeds. E. V. Lartone, University of 
California, Berkeley.—The potential equation for supersonic 
gas flow and the Rankine-Hugoniot shock-wave relations 
are combined to give a first order solution for the location 
of the detached shock wave formed upstream of a conical 
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nose of finite length. The detached shock wave is formed 
whenever the conical nose angle is greater than a given 
limiting angle for each free stream Mach number. The 
upstream location of this detached shock wave is then 
found to increase directly with the length of the conical 
nose and with the square of the conical nose angle. As the 
free stream Mach number approaches unity, it is found 
that the shock wave is formed at an unlimited distance 
ahead of the nose. 


FA11. The Thickness of a Shock Front in a Gas. G. R. 
Cowan AND D. F. Hornic, Brown University.—Reflection 
of light from a shock front has been observed when a one- 
dimensional shock, produced by a bursting diaphragm in a 
cylindrical tube, intersects a beam of light from a carbon 
arc, the reflected pulse being detected by a photomultiplier 
tube. Reflectivity was studied as a function of wave- 
length, angle of incidence, and over-all pressure, and was 
found to increase with increasing wave-length, and rapidly 
with increasing angle and pressure. The data are interpreted 
on the basis of an approximate reflectivity equation which 
is quite accurate for the extremely small reflectivities ob- 
tained (approximately 10-5). Although in principle the 
detailed shape of the shock front may be completely 
determined from the reflectivity spectrum, the precision of 
the data is sufficient to determine only one parameter. 
The data fit an assumed S-shaped density function better 
than a simple linear function. On the basis of the S-shaped 
function, the front thickness of a 60 p.s.i. shock propagating 
in nitrogen at 85 p.s.i. and 25°C was found to be 1.7 10-5 
cm, within an error of about 25 percent. The theory of 
Becker, corrected by Thomas,! predicts the value ,1.0 
X10-5 cm. 


o 
1L. H. Thomas, J. Phys. Chem. 12, 449 (1944). 


FA12. A Shock Tube for the Study of Transient Gas 
Flow.* C. H. FLETCHER, D. K. WEIMER, AND W. BLEAK- 
NEY, Princeton University.—A new shock tube of improved 
design has been constructed for the purpose of studying 
gas flow problems. The tube has a rectangular cross section 
17 inches high and 4 inches wide. The chamber into which 
the gas expands is 31 feet long and the chamber which 
holds the gas before the diaphragm is broken is 2 feet long. 
Observations are made through circular windows 5 inches 
in diameter located with their centers 7 inches from the end, 
and 4 inches from the top of the tube. Numerous ports for 
installation of auxiliary apparatus are provided in the 
sides and along the top of the tube. The velocity of the 
traveling shock is measured by means of a chronograph 
which uses signals from light screens located on a baseline 
of 17 inches near the observation windows. Observations 
are made by the light from a magnesium spark which is 
fired by a delayed pulse from the light screen. Observations 
may consist of shadowgrams, schlieren pictures or inter- 
ferograms. These latter are formed by an interferometer of 
the Mach-Zehnder type with circular plates 5 inches in 
diameter and rectangular light paths 17X23 inches in 
length. White light fringes may be used or an interference 
filter with a pass band at 4460A has been used. 


* This work is supported in part by Navy Contract. 


FA13. Experimental Measurement of the Density Field 
in the Mach Reflection of Shock Waves.* W. BLEAKNEY, 
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D. K. WEIMER, AND C. H. FLETCHER, Princeton University. 
—It is well known that the phenomena of Mach reflection 
cannot as yet be satisfactorily explained. In order to get 
some insight into the difficulty, the density field has been 
measured in the neighborhood of the intersection of the 
incident, reflected and Mach shocks when a plane shock 
wave is reflected on an inclined barrier in the shock tube 
described in the preceding paper. Using spark photography 
and the interferometer isopycnals (contours of constant 
density) have been determined for the first time for such a 
transient phenomenon. The results indicate that conditions 
are very uniform in front of the incident and Mach 
shocks, and in the angular region between the incident and 
reflected shocks. In the rest of the field, however, a con- 
siderable variation is observed for weak shocks. The density 
behind the Mach wave falls in some regions with distance 
behind the wave, whereas the reverse is true just behind 
the reflected wave. In the neighborhood of the intersection 
something very close to an angular variation in the density 
is observed. The “single fringe’ adjustment of the inter- 
ferometer brings out these features very strikingly. Ex- 
amples of such interferograms will be shown. 


* This work was supported in part by Navy Contract. 


Neutron Velocity Spectrometer Results; Theory 
of Nuclear Scattering; Theory 
of Heavy Nuclei 


Gl. A Precise Determination of the Slow Neutron 
Cross Section for the Free Proton. E>warD MELKONIAN, 
L. J. RAINWATER, AND W. W. Havens, JR., Columbia 
University —The free n—p cross section measurements! 
using the Columbia Neutron Spectrometer have been con- 
siderably improved. Inconsistencies in separate measure- 
ments led to the development of a “standard filter” tech- 
nique to eliminate the effect of a slight variation of detector 
efficiency with counting rate. These inconsistencies have 
now been eliminated and the result is significantly shifted. 
The technique used (to be described) compared the sample 
transmission with the geometric factor of a B,C aperture 
system. Experimental results for H2 gas for E>1 ev show 
a 1/E slope of 0.67, as predicted by Placzek, and give 
oe=20.37 barns. Measurements using n-butane and H,0 
confirm this, giving 20.34 and 20.35 respectively after 
multiple scattering corrections have been made. These 
corrections have been taken as +0.03 for the gases. How- 
ever the much larger value, +0.10, used for H,O, will be 
discussed. The best value of the free proton cross section 
from these measurements is oo = 20.36+0.10. 


1 Phys. Rev. 73, 1265(A) (1948). 


G2. Theory of Slow Neutron Scattering. G. PLACZEK,* 
General Electric Research Laboratory—The customary 
method for determining the energy dependence of scatter- 
ing cross sections, for slow neutrons, of nuclei bound in 
molecules or crystals consists in computing separately the 
contributions from all transitions in the system. In cases 
where the collision leads to a large number of transitions 
this procedure becomes, in general, impracticable. It is 
shown that under such conditions the energy dependence 
of the cross section can be determined from the distribution 
of coordinates and momenta of the nuclei in the initial 
state and depends only on rather general properties of the 
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system. The limits of validity of this method have been 
investigated. Results will be applied to a discussion of 
recent measurements for the determination of the free 
neutron-proton cross section! as well as of attempts to 
obtain evidence for an interaction between neutrons and 
electrons from neutron scattering experiments in liquids.* 


j * Now on leave at the Institute for Advanced Study, Princeton, New 
ersey. 
*. Jom Phys. Rev. 74, 364, 1948; Melkonian, this meeting, Abstract 
o. G1. 
2 Havens, Rabi, and Rainwater, Phys. Rev. 72, 634 (1947). 


G3. Interaction of Neutrons with Electrons in Bismuth. 
L. J. Ratnwater, I. I. Rabi, AND W. W. Havens, JR., 
Columbia University —The neutron-electron interaction 
(non-magnetic) can be determined from the dependence on 
neutron wave-length of the slow neutron cross section of 
liquid lead or bismuth. Preliminary investigations using 
molten lead were previously reported.! These studies have 
been continued using molten bismuth which has an un- 
usually small absorption cross section and no observed 
resonances. One main possible source of systematic error 
has been eliminated by the use of a standard filter com- 
parison technique (described by Melkonian in a previous 
abstract on the free neutron-proton cross section). The 
neutron-electron cross section can be expressed in terms of 
the Born formula by specifying an equivalent interaction 
potential, V, acting over a volume r. Choosing r=4/32a* 
=9.3 10-8 cm’, where a=2.8X10-" cm (for simplicity), 
the value of V was previously given! as 2500 ev with con- 
siderable uncertainty. The present measurements give a 
somewhat larger value which is several times the experi- 
mental uncertainty. The measurements are being continued 
and the best result will be announced. 


1W. W. Havens, Jr., I. I. Rabi, and L. J. Rainwater, Phys. Rev. 72, 
634 (1947). 


G4. The Neutron-Electron Interaction. M. SLoTNIcK,* 
Columbia University.—The interaction between a neutron 
and the electrostatic field of an electron is examined on 
the basis of pseudoscalar meson theory and compared 
with the experiments by Rainwater, Rabi, and Havens 
described in the preceding abstract. The calculation is 
carried out relativistically, with nucleon and pseudoscalar 
fields both subjected to second quantization and the elec- 
tron represented by a fixed Coulomb field. The Hamil- 
tonian of the nucleon-meson system is diagonalized to 
second order in the coupling parameter by two canonical 
transformations—the divergent self-energy being absorbed 
into the experimental mass—and transitions induced be- 
tween neutron states by the electron field are investigated. 
The pseudoscalar coupling term gives rise to a convergent 
“equivalent interaction potential” (see preceding abstract) 
of about —7 kev for the pure charged and —15 kev for the 
symmetrical meson theory. (The coupling constant is 
evaluated from the neutron-proton singlet scattering 
length, thus avoiding the high singularity of the tensor 
force.) It is also shown that the range of the interaction is 
about } the classical electron radius, and the connection 
with “non-relativistic” methods of calculation is investi- 
gated. If pseudovector coupling is assumed, a logarithmi- 
cally divergent interaction is obtained. 


* AEC Predoctoral Fellow. 
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G5. Slow Neutron Velocity Spectrometer Studies: Al, 
Cr, C, Fe, Ni. W. W. HAVENS, JR. AND L. J. RAINWATER, 
Columbia University—Aluminium shows strong resonances 
at 2300 ev and above 10,000 ev strong crystal interference 
effects in the thermal region are observed. Chromium shows 
a strong resonance at 4200 ev and weak dips at 12 ev and 
18 ev which may be due to impurities. Below 10 ev the 
cross section closely follows the line o=(4.0+-0.54E-4) 
(barns). The carbon cross section is constant at (4.70 
+0.05) above 1 ev. Strong crystal effects are obtained in 
the thermal region with large “‘breaks” in the cross section 
at the critical wave-lengths. The cross section of iron 
below about 15,000 ev is well represented by the relation 
o=(11.2+1.02E-*) except in the thermal region where 
interference ‘‘breaks’’ are observed at A=2.3, 2.8 and 
4.1A. Beyond 4.1A the cross section drops from 19.0 to 
6.5. Above 15,000 ev the Fe cross section decreases to 
about 5 at zero time of flight. Ni shows a resonance at 
3600 ev with the cross section remaining above 16 below 
1000 ev. 


G6. The Scattering of Slow Neutrons by Paramagnetic 
Crystals. I. W. RuDERMAN, W. W. Havens, Jr., T. I. 
TAYLOR, AND L, J. RAINWATER, Columbia University.—The 
paramagnetic scattering of neutrons by anhydrous crystals 
of manganese fluoride, manganese oxide, and manganese 
sulfate has been studied using slow neutron transmission 
data obtained with the Columbia velocity spectrometer for 
neutron wave-lengths up to 6.2A. The paramagnetic cross 
section, opm, may be separated from the total cross section 
in regions where there are no interfering crystal diffraction 
effects. The results indicate a large paramagnetic cross 
section for the Mn** ion in the compounds studied, in 
agreement with the theoretical calculations of Halpern and 
Johnson.? The observed dependence of opm on the neutron 
wave-length has the predicted form. In the low energy 
region (A>4A) it was necessary to use Be and BeO filters 
to reduce interference from fast neutrons. This paper is 
based on work performed for the Atomic Energy Com- 
mission. 

10. Halpern and M. H. Johnson, Phys. Rev. 51, 992 (1937); ibid. 52, 
52 (1937); ibid. 55, 898 (1939). 


G7. New Calculations of Multiple Scattering.* H. S. 
SNYDER AND W. T. Scott,** Brookhaven National Labora- 
tory.—The multiple scattering of particles passing through 
thin foils has been calculated with greater accuracy than 
heretofore. The small-angle approximation and the Born 
approximation for a potential V=Ze?/rexp(—r/a) are 
used. The use of the Fokker-Planck type of diffusion equa- 
tion that yields a Gaussian distribution is avoided, the 
integral equation being solved by Fourier transforms. The 
results are expressed in terms of dimensionless variables 7 
and g, representing respéctively the ratio of the angular 
deflection to a “minimum” angle determined by the 
screening, and the ratio of foil thickness to the mean free 
path for scattering. Numerical calculations for values of z 
from 100 to 84,000, and the complete range for 7, have 
been carried out, and tables are being made available. 
The matching between the approximately Gaussian result 
for small angles and the Rutherford single scattering 
formula for large angles is clearly shown. The deviations 
of the new results from each of these limiting values is 
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quite large over a wide range of angle. An explicit 
asymptotic formula for large 9 will be given. 
* Work performed under the auspices of the Atomic Energy Com- 


mission. 
** Now at Smith College. 


G8. On Proton-Proton Scattering Models. L. Go tp- 
STEIN AND W. H. LANE, Los Alamos Scientific Laboratory.— 
An account will be given of a series of studies on the 
scattering of protons by protons in the approximation 
where the. mutual electrostatic and nuclear fields are 
supposed to scatter separately. This approximation tends 
to become asymptotically correct with increasing kinetic 
energy of the incident protons. The nuclear interaction is 
represented by a square well-shaped mutual potential 
energy, whose characteristics in the two spin states are 
assumed to be the same as for a neutron-proton system. 
The well ranges studied varied between 1.5X10-" to 
2.8X10-% cm, while the proton kinetic energy interval 
extends from 7 to 90 Mev. The nuclear interaction types 
used here include both the ordinary and exchange couplings. 
These studies represent an extension of similar work done 
on neutron-proton scattering models.! 


1L. Goldstein and D. W. Sweeney, Los Alamos Declassified Reports, 
No. LADC-497 and -576, cf. also Phys. Rev. 74, 1565 (1948). 


G9. Some Calculations on Proton Proton Scattering. 
J. D. Jackson AND J. M. Biatt, Massachusetts Institute 
Technology.—The Schwinger variational method! gives a 
rigorous justification for the Landau? analysis of proton 
proton scattering data. The data yield a perfectly straight 
line when analyzed in this way, showing that to a good 
approximation any short-tailed well with adjustable in- 
trinsic range and depth can be made to fit the data. The 
size of higher, shape-dependent terms is limited by the 
experimental data. The results will be discussed in refer- 
ence to the Yukawa well shape. The earlier work in this 
field’ is confirmed by the present analysis. 

1J. Schwinger, Phys. Rev. 72, 742 (1947). 

?L. Landau and J. Smorodinsky, J. Physics, U.S.S.R. 8, 154 (1944). 


(1953) Breit, H. M. Thaxton, and L. Eisenbud, Phys. Rev. 55, 1018 


G10. Water Drop Model of Radioactive Alpha-Decay. 
B. T. DARLING AND J. E. Garvey, The Ohio State Uni- 
versity.—An analysis has been made of the low energy 
alpha-particle spectra! associated with the transition 
ssRa**—>a-+-ssRn*, The incompressible water droplet 
model of Bohr was adopted for the daughter nucleus. For 
the alpha-particle a rectangular potential well was assumed 
and then considered as perturbed by surface vibrations of 
the daughter nucleus. The J.B.W.K. method was used 
throughout to calculate the alpha-particle wave functions. 
A wave-packet function was formed inside the nucleus to 
describe the virtual normal alpha-particle state and transi- 
tion probabilities calculated from this state to other levels 
of the continuum with the daughter nucleus excited. 
A power series expansion of the initial and final wave 
functions was used in the neighborhood of the varying 
nuclear radius to assist evaluation of the matrix elements 
of the perturbing surface vibration potential. The intensity 
ratios of the transitions to that associated with normal 
alpha-decay were calculated for various nuclear radii and 
various angular momenta of the emitted alpha-particle. 
An association of the energies of the emitted alpha-particle 
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with particular modes of surface vibration and angular 
momenta is made. Similar calculations on Polonium are 
in progress. 

1W. Y. Chang, Phys. Rev. 69, 60 (1946); 70, 632 (1946). 


G11. Calculation of Interaction Integrals in Wigner’s 
Theory of Heavy Nuclei. Davin H. Friscu, Brookhaven 
National Laboratory.*—Wigner' has calculated from ob- 
served nuclear binding energies the two interaction in- 
tegrals I, and J, corresponding to space-symmetry and 
antisymmetry, respectively, of the nuclear wave function 
under interchange of two nucleons. An attempt may be 
made with somewhat the same model to calculate these 
quantities from different sources of information: (1) the 
magnitude of the observed two-body interaction in p—p 
scattering, and (2) the stability of nuclei at the observed 
radii.2 The magnitude and mass dependence of the average 
interaction integral $(I,+Js«) computed between nucleons 
in a finite sphere of Fermi gas excised from an infinite 
medium agrees fairly well with the same quantity obtained 
from observed binding energies. The ratio Ja/Z, must be 
approximately 4 to give stability at the observed radii, 
whereas it must be even smaller to give the best fit to 
the total binding energy of heavy nuclei. 

* Summer visitor, 1948; permanent address: Department of Physics, 
Massachusetts Institute of Technology, 

1E. Wigner, Phys. Rev. 51, 106 (1937); Phys. Rev. 51, 947 (1937); 
and University re) Pennsylvania Bicentennial Conference, ‘ ‘Nuclear 
Physi ics," University of Pennsylvania Press, Philadelphia use). 


See, for example, H. A. Bethe and R. F. Bacher, Rev. Mod. Phys. 
153 (April, 1937), and H. Euler, Zeits. f. Phys. 105, 553 (1937). 


G12. Application of Charge-Symmetrical Nuclear Forces 
to Wigner’s Theory of Heavy Nuclei.* V. F. WEIsskopr 
AND Davip H. Friscu, Massachusetts Institute of Tech- 
nology.—Wigner’s statistical theory! of heavy nuclei was 
developed for an arbitrary mixture of Majorana and 
ordinary forces. The effect of using the charge-symmetric 
force, the symmetry properties of which are given by the 
o*-girt-7i operator, has been investigated in the hope of 
improving the agreement between theory and experiment, 
particularly for medium weight even nuclei. The number of 
interactions between pairs of nucleons corresponding to 
each eigenvalue of the operator has been evaluated in 
terms of the S, T, and Y quantum numbers. Even if these 
were good quantum numbers, it would be impossible to 
improve the predictions of energy released in 8-transitions 
between isobars, without spoiling the rough predictions of 
total binding energy by the same theory. That S, T, and Y 
are not good quantum numbers for the o*-a/r*-7i operator* 
can only make any possible difference between o*-oir*- ri 
and Wigner’s mixture less pronounced, so that (1) Wigner’s 
Majorana plus ordinary mixture gives as good a fit as can 
be obtained with any reasonable combination of forces, 
and (2) o*-air‘-7i gives as good results only if the repulsive 
interactions are quite small. 


* Assisted by he Seis Hage of Oe OER. and the A.E.C 

1E. Wigner, P ay. Rev. 51, Bg mad Phys. Rev. 51, 947 C037); 
and University of Pennsylvania Bicentennial Conference, “Nuclear 
Physics,”” University of Pennsylvania Press, Philadelphia (1941). 

2J. Blatt (Private coamunmicatien) has shown that S, T, and 
cannot be good quantum numbers for the o‘-ojrt-ri operator in 
particular, and for any three or more eigenvalue operator in general. 


G13. Spins, Moments, and Shells in Nuclei. L. W. 
Norp#EIM, Duke University—Known values of spins and 
magnetic moments can be used to assign orbital quantum 
numbers to the last odd particle in a nucleus. The order 
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of the orbits is in the main given by the sequence 
(1s)(2p)(2s3d)(4f3p4d)(5g5f), (6h3s-++) which is close to 
the order of levels in a potential well. The bracketed com- 
binations form the successive shells of 2, 6, 12, 30, and 32 
particles (neutrons or protons) that are known to be par- 
ticularly stable. The sequence is not strictly adhered to in 
the building-up process of shells, but new orbits never 
deviate much from it. There are some differences in the 
behavior of protons and neutrons for high atomic numbers. 
Besides an interpretation of the general trends shown by 
nuclear spins, an explanation is also obtained for the 
allowed or forbidden character of 8-transitions of nuclei 
with odd mass numbers. A rule that is adhered to in a 
great majority of cases is that isomeric states occur mostly 
when nuclear shells are not completely filled. The scheme 
permits the correlation of a wide variety of nuclear data 
and fits generally much better than one would have 
expected. 


G14. Classification of Isomeric Transitions. P. AXEL 
AND S. M. Dancorr, University of Illinois.*—An attempt 
has been made to classify the known nuclear isomeric 
transitions into groups according to the multipole order of 
the y-ray involved. This classification is based on the 
relation between the y-ray lifetime and the excitation 
energy. Since internal conversion competes with y-ray 
emission, the experimentally observed lifetimes must be 
corrected by the formula ry=exp(i-++-a) where a=theo- 
retical internal conversion coefficient. The corrected data 
for 50 isomeric transitions are shown to define two fairly 
distinct groups corresponding to 2‘ and 2° electric multi- 
poles. The data are compared with the classically derived 
formula for the rate of 24 pole radiation from a current 
distribution: 


Ty =3(L!)2p-*4 (he /e*)4*1(W) 2-1 h/ mc?) 


where p=nuclear radius in units of e*/mc?, and W=energy 
of transition in units of mc*. Reasonable agreement is 
shown with regard to both functional dependence and 
absolute numerical coefficient. 


* Assisted by the Joint Program of the Office of Naval Research and 
Atomic Energy Commission. 


Ferromagnetism, Ferroelectricity, 
Order- Disorder 


Hl. Yield or Search Coils Combining Loops and 
Solenoids. Miran W. GARRETT, Swarthmore College.— 
Calculations previously reported are extended to combina- 
tions of thin loops with solenoids, and to coils of large 
section. Some combinations are better than any previously 
reported using the same number of elements. Maxwell, 
Lyle, and McKeehan have eliminated one or more second- 
order section errors. Further improvement results when the 
appropriate coefficients of internal or external magnetic 
moment (for field and search coils respectively) are in- 
tegrated over the section; loops and solenoids then become 
identical. The integrals are simple polynomials; when nine 
or ten orders are tabulated it appears that refinement of 
coil design is limited principally by the time allotted to 
computation. Coils may be designed so massive that the 
elements fuse. Using two pairs of elements, one percent 
error limits approach half the mean radius for field coils, 
and 2.5 times the mean radius for search coils. Three 
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successive coefficients may be removed leaving errors of 
eighth order. For given uniformity, these designs yield 
stronger fields or gradients than any previously available 
without iron. The dipole search coils for point field measure- 
ments appear far simpler to construct than the ‘‘fluxball,” 
especially in small sizes, while simple quadrupole designs 
permit point measurements of gradient. 


H2. Magnetic Properties of a Ferromagnetic Ferrite 
(Part I). FrRanK G. BrockMAN, P. H. DOWLING, AND 
Water G. STENECK, Philips Laboratories.—In investi- 
gating the magnetic behavior of one of the ferromagnetic 
ferrites developed by Philips, Eindhoven, under the trade 
name FERROXCUBE, we have established the fact that 
the resonant frequency which has previously been found! 
in this material and which has usually been attributed to 
magnetic resonance is a function of the linear dimensions 
of the sample. We have therefore concluded that this 
resonance is not due to a true magnetic resonance. We have 
found also that the behavior exhibited can be explained if 
the conductivity of the material is complex as will be 
developed in the following paper. Experimentally the 
effect has been demonstrated not only with magnetic 
cores of various dimensions but also with cores of the same 


gross dimensions but differing in that one was solid and | 


the other laminated. Typical results from measurements on 
specimens of this material are as follows: initial perme- 
ability 1000, specific resistivity 100 ohm cm, dielectric 
constant, real part, 50,000, and dielectric constant, imagi- 
nary part, 20,000. 


1J. L. Snoek, Physica 14, 207-217 (1948). 


H3. Magnetic Properties of a Ferromagnetic Ferrite 
(Part II). P. H. DowLiInG AND FRANK G. BROCKMAN, 
Philips Laboratories —Equations have been developed for 


the equivalent series reactance and resistance for sinusoidal . 


currents in a coil wound on a toroidal core having dielectric, 
magnetic and ohmic conducting properties. The dielectric 
constant is taken to be complex while the magnetic perme- 
ability is taken to be a real quantity only. The magnetic 
permeability, both components of the dielectric constant, 
and the ohmic conductivity are assumed to be independent 
of the frequency and magnitude of the current in the coil. 
The equations are rigorous and include the skin effect in 
the core. When suitable values, consistent with experi- 
mental measurements, are taken for the dielectric con- 
stants, the permeability, and the conductivity, the form 
of the resulting reactance-frequency and resistance-fre- 
quency curves are strikingly similar to the experimental 
curves described in the preceding paper for one of the 
ferromagnetic ferrites. It appears that the major features 
of the magnetic behavior of this material can be accounted 
for, at least in the absence of superimposed magnetic 
fields and up to 100 megacycles, without the assumption of 
true magnetic resonance. 


H4. Statistics of the Three-Dimensional Ferromagnet. 
D. TER HaaR AND B. Martin, Purdue University —An 
attempt is made to apply the variational method of 
Kramers! to the three-dimensional ferromagnet. In this 
case, it is necessary to reduce the partition function twice. 
Each of these two reductions leads to an eigenvalue prob- 
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lem, the solution of which can be approximated by the 
Ritz method. The final secular equations which have to 
be solved are of the sixteenth and fourth degree. The 
solution of the fourth degree equation has been given by 
Kramers and Wannier! or Groen.? The other equation can 
be reduced to a sixth degree equation, if one uses the 
symmetry properties of the matrix involved. It will be 
shown how one can obtain a power series for the partition 
function in the way indicated by Groen? and how the 
Curie point can be calculated from these equations. It will 
also be shown that the rigorous solution of the two- 
dimensional ferromagnet given by Onsager® can be used to 
simplify the calculations. 


1H. A. Kramers and G. H. Wannier, Phys. Rev. 60, 252 (1941). 

2 P. Groen, “Orde en Wanorde in de Eenvoudigste Roosters,’ Thesis, 
Amsterdam, 1942. 

3 L. Onsager, Phys. Rev. 65, 117 (1944). 


H5. A Mathematical Model of a Ferromagnet. M. Kac 
AND T. H. BERLIN, Cornell University and Northwestern 
University —A mathematical model of a ferromagnet for 
which the partition function can be explicitly evaluated 
will be presented. The model is a modification of the Ising 
model of a ferromagnet. Whereas the Ising model requires 
the summation of the Boltzmann factor over all spin 
configurations with the condition w;= +1, 7=1, 2, ---, N, 
where 4; is the spin at the ith lattice site, the present 
model modifies the condition to 2:21" 42=N, where each 
spin is allowed to range continuously from — N# to + N43. 
The partition function and magnetic equation of state 
have been obtained for the linear chain, square mesh, and 
simple cubic lattices all with nearest neighbor interaction. 
(The nearest neighbor and simple lattice restrictions are 
unnecessary for the eyaluation of the partition function of 
this model.) The cubic lattice exhibits an order-disorder 
transition with a finite specific heat. The magnetic equation 
of state is essentially the same as that of the Weiss phe- 
nomenological theory of magnetism. No order-disorder 
transition is exhibited by the square mesh and by the 
linear chain. 


H6. Magnetic Resonance Absorption in Magnetite as 
a Function of Temperature.* L. R. BICKFORD, JR., Massa- 
chusetts Institute of Technology—Magnetite is known to 
undergo a transition at — 160°C characterized by anomalous 
effects in specific heat, conductivity and magnetization. 
The initial permeability goes through a sharp maximum 
30° higher than this. Resonance absorption measurements 
were made at 9000 megacycles with thin circular disks cut 
from the (100) plane of natural single crystals of magnetite 
mounted on a wall of a resonant cavity. Values of magnetic 
field strength corresponding to the absorption maximum 
were obtained as a function of temperature and of the 
angular displacement of the [100] direction of the crystal 
from the d.c. magnetic field direction. From this informa- 
tion, and the saturation magnetization, values of g and 
anisotropy constant K; can be calculated.! Upon lowering 
the temperature, K; varies from about — 105 at room tem- 
perature to +610‘ at —160°C, rising abruptly through 
zero near —140°C. That is, the material is magnetically 
isotropic near the temperature at which the initial perme- 
ability passes through a maximum. The resonance absorp- 
tion increases with decreasing temperature to a maximum 
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at —157°, falls steeply in the transition region, and is 
undetectable below — 163°C. 


* This work was supported jointly by the Navy Department (Office 
of Naval Research), the Army Signal Corps, and the Army Air Forces 
(Air Matériel Command). 

1C, Kittel, Phys. Rev. 73, 155 (1948). 


H7. Effect of Ordering on Magnetostriction and Mag- 
netization. J. E. GoLDMAN, Westinghouse Research Labora- 
tories AND R. SMOLUCHOWSKI, Carnegie Institute of Tech- 
nology.—The effect of an order-disorder transformation on 
the saturation moment and magnetostriction of a 50 atomic 
percent Iron-Cobalt alloy has been investigated. The 
magnetization measurements were made using a double 
coil method with the sample placed in one of them and 
the pair of coils placed in the uniform field of the Westing- 
house Research electromagnet. Moments were measured 
on a ballistic galvanometer to an accuracy of 0.25 percent 
at fields up to 14,000 Oersteds. Magnetostriction measure- 
ments were made with the resistance strain gauge technique 
previously described.! Measurements of electrical resistivity 
and neutron diffraction were carried out (the latter at Oak 
Ridge by Dr. S. Siegel) to indicate the degree of order. An 
increase in both the magnetization and magnetostriction is 
observed on ordering. The increase in saturation moment is 
of the order of 4 percent rising from a value of 2.25 Bohr 
magnetrons per atom in the disordered state to 2.35 when 
ordered. The observed increase in saturation magnetostric- 
tion is of the order of 40 percent. 


1J. E. Goldman, Phys. Rev. 72, 529 (1947). 


H8. Theory of the Effect of Ordering on Magnetic 
Properties. R. SMoLUCHOWSKI, Carnegie Institute of Tech- 
nology AND J. E. GoLDMAN, Westinghouse Research Labora- 
tories—A theory has been developed to account for the 
observed increase in magnetostriction and magnetization 
of a 50-50 Iron-Cobalt alloy on ordering.’ The calculations 
are based essentially on the dipole model in which the 
effective magnetic moments are computed on the basis of 
the average electron density of individual pairs of atoms. 
The probabilities of various local electron concentrations 
are obtained and the corresponding magnetic moments 
assigned according to the band theory. The resulting 
moments for the ordered and disordered alloys are 2.37 
and 2.27 in good agreement with experiment. The magneto- 
striction is obtained using the interaction between dipoles 
in nearest and second nearest positions. Due to the de- 
pendence of the magnetic moments on order, the magneto- 
striction for the perfectly ordered state appears to be 85 
percent higher than for the completely random state. This 
compares favorably with the observed increase of 40 
percent. The discrepancy can be explained as resulting 
from the imperfect state of order and disorder in the 
experimental samples. Similar agreement is obtained for 
the 45 Fe, 55 Co alloy for which the theoretical increase 
of 70 percent is to be compared with the experimental 
value of 30 percent. 


1J. E. Goldman and R. Smoluchowski, see previous abstract. 


H9. Disorder in Thin Films of:Silver and Silver Iodide 
Formed on Silver Bromide Crystals. CHESTER R. BERRY, 
Eastman Kodak Company.—The electron diffraction reflec- 
tion method has been used to examine thin deposits formed 
on large single crystals of silver bromide. Evaporated 
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silver was deposited to an average depth of about one and 
a half atomic diameters. Silver iodide layers were formed 
to a depth of roughly 100A by reaction of the silver bromide 


‘in dilute solutions of potassium iodide and of a cyanine 


iodide dye. That part of the silver deposit which is highly 
oriented is in several preferred orientations. The number of 
orientations observed from a diffraction pattern depends 
on the identity of the face on which the deposit is made 
and on the direction of the electron beam in that face. 
Four orientations was the maximum observed. When silver 
iodide is formed on the substrate, several orientations may 
occur, often in both the cubic and hexagonal modifications. 
The various orientations and structures of these thin films 
may be accounted for by assuming the coating layers to be 
built up by a disordered stacking of close-packed layers on 
minute octahedral faces of the substrate. 


H10. The Dielectric Properties of Barium Titanate at 
Low Temperatures.* R. F. BLunt,** W. F. Love, anp 
E. N. Sxomat, Rice Institute—The complex dielectric 
constant, K, of several specimens of multicrystalline barium 
titanate was measured at radio frequencies from room tem- 
perature down to 2.38°K. The real part, K’, has a value of 
about 1100 at 300°K rising to a maximum of 1300 at 
275°K and falling parabolically as the temperature de- 
creases, reaching a value of 96 at 2.38°K. The temperature 
coefficient has the remarkably high value of 10-* degree 
in the 2-5 degree region. For 500 kc the imaginary part, 
K”"’, is small at room temperature rising to a very broad 
maximum at 200°K and decreasing to a small value at 
4°K. The measurements were made with a radio frequency 
bridge and also with a “Q” meter. Most work was done at 
500 kc. The specimens were in the form of parallel plate 
condensers which were kindly supplied to us by the Bell 
Telephone Laboratories. A physical interpretation and 
measurements on diluted specimens will be discussed. 


* This work was supported in part by Navy Contract. 
** Socony-Vacuum Fellow in Physics. 


H1l. The Phase Transitions in Barium Titanate.* 
P. W. ForsBERGH, JR., Massachusetts Institute of Tech- 
nology.—In ferroelectric BaTiO; marked optical changes 
are observed at 5°C and —70°C. These can be completely 
accounted for if one supposes that between 5°C and —70°C 
the eccentric displacement of the titanium ions is along a 
[101] direction of the original cube, giving rise to an 
orthorhombic distortion Cmm, while below —70°C it is 
along a [111] direction, producing a trigonal lattice R3m. 
Unlike the second-order transition at the Curie point 
(120°C), these two transitions are of the first order, al- 
though all three involve no order-disorder effects. Con- 
sideration of the temperature dependence of the Gibbs 
free energy curves indicated by the nature of the transitions 
yields the main features of many properties, such as the 
much larger dielectric constant perpendicular to the polar 
axis, the small dielectric peaks at 5°C and —70°C in the 
ceramic and their enhancement by larger fields, the sensi- 
tivity of the optical properties to lattice strains, the shape 
of hysteresis loops, and the changes in birefringence down 
to —150°C. 


* This work was supported jointly by the Navy Department (Office 
of Naval Research), the Army Signal Corps, and the Army Air Forces 
(Air Materiel Command). 
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Jl. Non-Linear Viscous Elasticity and Secondary Bond 
Rupture. G. D. HaLseEy, JRr., Harvard University—In the 
study of the visco-elastic behavior of wool and rubber- 
like materials, the spring-dashpot model is discarded in 
favor of models based on the rupture of secondary bonds. 
If these bonds are connected in series the typical rubber- 
like stress-strain curve results. The exact nature of the 
curve depends on how these bonds break and reform. The 
resulting stress-strain curves cannot be explained with a 
spring-dashpot model, even including non-linear elements. 
Further study shows the presence of bonds in parallel, 
on which the stress concentrates owing to breakage. The 
presence of these bonds allows thixotropic humps and 
rupture to be explained. The various conditions under 
which these different explanations are valid and required 
are discussed. 


J2. Reinforcement and Swelling of Butyl Rubber-Filler 
Systems. Rospert L. Zapp, Standard Oil Development 
Company, AND EUGENE GuTH, University of Notre Dame.— 
This study is an attempt to gain further insight into the 
reinforcement of polymeric networks by filler particles 
through the agency of volume swelling of Butyl rubber 
vulcanizates. Because of its low chemical unsaturation, 
a maximum state of cure can be realized with all types of 
filler loadings while the network remains in a soft and 
elastic condition. Thus filler reinforcement is compared in 
networks of equal concentration of chemical cross-links. 
In this study carbon blacks of varying particle diameter 
are compared to representative types of mineral fillers. 
In the case of carbon blacks, as the volume loading is 
increased the volume swelling of the purse hydrocarbon 
polymer is reduced. With mineral fillers this effect is not 
as evident, and in some cases there is little or no change of 
volume swelling (over a non-pigmented control) as volume 
loading of the mineral filler increases. Comparisons between 
the volume swellings of a pigment network and its elastic 
properties indicate that there is a direct correlation between 
the increase in elastic modulus and the reduction in volume 
swelling. A comparison between the contribution of chemi- 
cal cross-links and secondary filler forces to network rigidity 
is discussed. An analysis of the relative contributions of 
carbon blacks and mineral fillers based upon the actual 
surface area added per volume of polymer shows the 
superiority of the carbon surface (regardless of particle 
size) over mineral pigment surfaces. Photomicroscopic 
evidence corroborates the data on filler surfaces. 


J3. A Kinetic Concept of Elasticity. R. S. BARKER, 
W. O. SEIFERT, AND J. H. DILLon, Textile Research Insti- 
tute-—Prediction of the mechanical behavior of high 
polymeric materials under stress has received much atten- 
tion of late years. Several workers have given attention to 
such materials as natural rubber, polyethylene, and cellu- 
lose derivatives. Such considerations led to network theories 
for rubber. Tobolsky, Eyring, Halsey, et al., applied modern 
reaction rate theory to their mechanical concept of ma- 
terials exhibiting time dependency. This work gave good 
results for cellulose derivative fibers, but seemed inappli- 
cable in its simple form to many other important polymeric 
materials. The Office of Naval Research has sponsored a 
program of study on the Resilience of Fibers in the Princeton 
laboratories of the Textile Foundation. In connection with 
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this program, experimental and theoretical studies were 
made on materials showing, in the terms of previous 
theories, an anomolous behavior. A new concept of flowing 
molecular chain deformations in the amorphous regions of 
fibrous materials has resulted in the formulation of a new 
theory of elasticity. The mathematical formulations of 
stress-strain-time relations based on this kinetic viewpoint 
coupling the chemical structure of polyamides and the 
energetics of their deformation have resulted in equations 
which not only conform to the experimental data, but also 
allow the prediction of the behavior of the given polymeric 
material under stress. The results of x-ray diffraction 
studies lend validity to the theory. 


J4. The Dependence of the Tensile Strength of Vul- 
canized Rubber on the Degree of Cross-Linking.* Paut J. 
FLory, NORMAN RABJOHN, AND Marcia C. SHAFFER, 
Cornell University.—Tensile strengths of natural rubber 
samples quantitatively cross-linked with decomethylene 
dis-methyl azodicarboxylate have been determined. The 
rapid increase in tensile strength with the degree of cross- 
linking p for small values of this quantity is consistent with 
the hypothesis that the tensile strength is directly related to 
the fraction of the structure which is permanently oriented 
by stretching. At higher degrees of cross-linking (100p = 1.0 
to 1.5, depending on the molecular weight of the rubber) 
the tensile strength passes through a maximum and then 
declines steadily to quite low values for higher p’s. This 
adverse effect of higher degrees of cross-linking is believed 
to result from the diminished elongation at which crystal- 
lization sets in and, hence, the smaller fraction of the 
network elements sufficiently oriented to participate in 
crystallite formation. Modification of up to 7 percent of the 
isoprene units of the rubber with the monofunctional com- 
pound, ethyl azodicarboxylate, depresses the tensile 
strength of the dis-azo vulcanized rubber relatively little. 
Evidently, the limited extent to which these modified chains 
may enter into crystallization is adequate to bring about 
high tensile strength. Deviations from the mean for 262 
tests are well represented by a Gaussian error function. 


* The work presented in this paper was carried out at the Goodyear 
Research Laboratory under contract to the Office of Naval Research. 


J5. Equation of State for Polystyrene. R. S. SPENCER 
AND G. D. GILMorE, Dow Chemical Company:—Practical 
considerations emphasize the desirability of formulating an 
adequate equation of state for polystyrene. A fairly satis- 
factory one is this simplified version of van der Waal’s 
equation, . 


(P+2)(V—w)=nRT 


where = is the internal pressure (or cohesive energy density ) 
and w is the volume at absolute zero, by extrapolation. 
Evaluating constants from thermal expansion data! and 
expressing P in p.s.i., V in ccs per gram, and T in degrees 
Kelvin, this becomes 
(P+27,000)(V—0.822) = 11.67. 

Agreement with compressibility measurements, which are 
described in some detail, is good. Discrepancies with room 
temperature values of sound velocity and cohesive energy 
density by swelling measurements? are discussed briefly. 


1R. S. Spencer and R. F. Boyer, J. Applied Phys. 17, 398 (1948). 
?R. F. Boyer and R. S. Spencer, J. Polymer Sci. 3, 97 (1948). 
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J6. Dynamics of Polymer Solutions and the Deforma- 
tion of Separate Macromolecules. W..O. BAKER, W. P. 
MASON, AND J. H. HeEtss, Bell Telephone Laboratories.— 
Mechanical properties in shear of dilute (0-1 g/100 cc) solu- 
tions of polyisobutylene, polystyrene, natural rubber, and 
polybutadiene microgel have been investigated at 20, 40 
and 80 ke and at 7.5, 25 and 60°C. These frequencies, pro- 
vided by torsionally vibrating piezo-electric crystals, corre- 
spond to times near the “macro constellation changing 
time” with which Kuhn proposed to characterize hypo- 
thetical shape changes in individual chain molecules. These 
shape changes cause entropy changes which ultimately lead 
to high elasticity. Accordingly, definite rigidity, u, as well as 
dynamic viscosity, should be observed even in most dilute 
solutions; indications of such rigidity previously have been 
at such low frequencies that chain interaction has seemed 
responsible. However, significant u-values which are ana- 
lyzed to increase practically linearly with polymer concen- 
tration have now been found for all the systems listed. For 
instance, polyisobutylene of M,=1.18X10* has »~800 


. dynes/cm? at 20 kc, ~1300 dynes/cm? at 40 kc and ~1500 


dynes/cm? at 80 kc in a 1 percent solution at 25°C. Several 
fold variations in average molecular weight affect u very 
little; it is also temperature insensitive, often increasing 
slightly at higher temperatures (as contrasted to expo- 
nential decrease for u of pure polyisobutylene). yu is sensitive 
to structure; compared to the internally-hindered polyiso- 
butylene, polystyrene in benzene (with M,=234,000) at 
40 kc has »~700 dynes/cm*. Polybutadiene microgel 
(M»=18.6X 10), with its own tiny network, has u~1800 
dynes/cm* at 40 kc, again in a 1 percent solution of 
cyclohexane, at 25°C. 


J7. Relationship Between Structure, Mechanical Prop- 
erties and Birefringence in Polymeric Materials. R. S. 
STEIN, S. Krimm, AND A. V. ToBoLsky, Princeton Uni- 
versity—A thermodynamic analysis of the stretching 
properties of polyvinyl chloride and lactoprene is'made by 
use of reversible stress temperature data. Simultaneous 
birefringence measurements are used to infer configurational 
changes of these polymers during stretching. Configurational 
changes accompanying “second-order transitions” are dis- 
cussed in terms of the experimental data. 


Neutron Physics 


Kl. Determination of Absolute Neutron Intensities.’ 
ROGER W. PAINE, JR., JOHN E. Dacey, U. S. Navy AND 
Crark GoopMAN, Massachusetts Institute of Technology.— 
Through the cooperation of the ORNL, the neutron in- 
tensity of a 1.03-gram Ra—Be source has been determined 
and the neutron flux has been standardized. Gold and 
indium foils, bare and cadmium covered, were activated in 
the ORNL standard pile. The gold activity (2.7 day) was 
measured in Cambridge and the indium activity (54 min.) 
at Oak Ridge. By exposing the same foils near the Ra— Be 
source in an effectively infinite water medium, the absolute 
thermal and indium resonance fluxes throughout this 
medium were determined. The slowing-down density at 
indium resonance was graphically integrated over all space, 
and divided by the resonance escape probability to obtain 
the absolute source strength. Foil depression corrections for 
disc detectors in thermal fluxes were applied using the 
formula derived by Bothe.? Bothe’s formula was verified 


experimentally to an accuracy of better than one percent 
for indium foils in a water medium. 
1 The work I tag reported was supported in part by the Office of 


Naval Resear 
zw. Bothe, Zeits, f. Physik 120, 437 (1943). 


K2. Nuclear Shielding Studies.1 Jonn E. Dacey, 
ROGER W. PaIng, Jr., U. S. Navy AND CLARK GOODMAN, 
Massachusetts Institute of Technology.—The effectiveness of 
composite shields against neutrons and y-rays was in- 
vestigated with a 1.03-gram Ra—Be source centered in a 
spherical steel shell (6-, 4-, and 2-inch radii) centrally 
positioned in a 4-foot cubical tank. Shielding materials in 
the shell: Pb, Fe, W, WC, B:03, BsC, HsBOs, sand, air, 
water, brine. Media in the tank: water, saturated brine, sea 
water, boric acid solutions. The spatial distributions of 
thermal and resonance neutrons were determined with 
indium foils; the y-ray intensities were measured with 
pocket-type dosimeters. Calibrations enabled the neutron 
fluxes to be expressed in absolute units. Minimum shields 
(weight and size) were determined. Estimates of average 
inelastic scattering cross sections were obtained using 
Marshak’s* and Fliigge’s* calculations by comparing the 
resonance distribution for air in the shell with that for 
heavy scatterer in the shell. An attempt has been made to 
interpret the experimental results by means of slowing- 
down and diffusion theories for hydrogenous media. 


1 The work herein reported was supported in part by the Office of 


Naval Research. 
2R. E. Marshak, Rev. Mod. Phys. 19, 185-238 (1947). 
3S. Fliigge, Phys. Zeits. 44, 445-455 (1943). 


K3. Shielding Measurements in Concrete.' Victor 
DELANO U. S. Navy, AND CLARK GOODMAN, Massachusetts 
Institute of Technology.—The effectiveness of the new four- 
foot concrete shield of the MIT cyclotron has been meas- 
ured using circular foils for neutron detection and duPont 
552 films for total gamma-measurements. Fast neutrons 
were measured for thresholds of 4.3, 6.9 and 7.7 Mev (cal- 
culated from Bethe’s penetrability function?) by count- 
ing the beta-active products of Al*?(n, p)Mg*"(10.2™), 
Fe®*(n, p)Mn**(2.59*) and Al??(n, a)Na*(14.8*) respectively. 
Al foils: 165 mg/cm’, Fe foils: 200 mg/cm?. Thermal activa- 
tion was eliminated by Cd holders. Resonance (1.44 ev) and 
thermal neutron distributions measured by Cd-In-Cd and 
In, corrected according to Bothe,* were reduced to absolute 
intensities by the method described by Paine, Dacey, and 
Goodman. Measurements were made with cylindrical con- 
crete blocks 2 inches and 4 inches in length which fitted into 
a 44-inches diameter hole whose axis was about 22° with the 
direction of the deuteron beam at the cyclotron target and 
which extended through the concrete wall. Each block was 
recessed at one end to hold a foil or film. Preliminary results 
indicate a relaxation length of about 14 cm for the fast 
neutron component. 


1The work ae reported was supported in part by the Office of 


Naval Researc 
2H. A. Bethe, Rev. Mod. Phys. 9, 166 (1937). 
3 W. Bothe, Zeits. f. Physik 120, 437 (1943). 


K4. Photographic Neutron Detector of High Sensitivity. 
Tuomas H. Jounnson,* Brookhaven National Laboratory.— 
When a parallel plate Geiger counter containing a quench- 
ing vapor is discharged by an ionizing ray a minute spark, 
characterized by a brilliant glow on the cathode, jumps be- 
tween the electrodes, at the point where the discharge is 
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initiated. In the present device this phenomenon has been 
utilized for obtaining a photographic reproduction of the 
areas of an indium foil which have been activated by slow 
neutron irradiation. After activation the indium foil is 
mounted as the cathode of a counter whose anode is a plate 
of conducting NESA glass. While the counter is discharging, 
an ordinary photograph is taken with the camera looking 
perpendicularly through the glass anode. Since indium, 
itself, seems unsuitable as a cathode material, although it 
appears to function satisfactorily as an anode with NESA 
as cathode, the indium has been covered with a thin foil of 
pure tin. Satisfactory results have been obtained in pre- 
liminary tests with shadow graphs of a cadmium mask. The 
smearing of the spark pattern due to scattered beta-rays 
from the indium and to secondary x-rays has been studied 
by means of a composite cathode containing a sharply 
demarcated pattern of lead inlaid into the indium. Sug- 
gested applications for the detector include the recording of 
neutron diffraction and scattering patterns, pinhole camera 
photographs of neutron sources, and neutron shadow 
graphs. 


* Research carried out at Brookhaven National Laboratory under 
the auspices of the Atomic Energy Commission. 


KS. Total Cross Sections of Small Samples of Hf, Er, 
Ni®* and Ni® from Neutron Crystal Spectrometer Measure- 
ments. S. BERNSTEIN, J. B. DiaL, C. P. STANFORD, AND 
T. E. STEPHENSON, Oak Ridge National Laboratory.—A 
focusing type spectrometer using a variable curvature 
quartz crystal as originally described! by L. Borst, et al., has 
been developed further for measuring total cross sections 
versus energy of small samples. of rare elements and sepa- 
rated isotopes. Samples having cross sections from 0.1 to 1.0 
square millimeters have been used as absorbers. The main 
features of the new instrument are described. Test runs 
were made on normal cobalt, whose total cross section was 
found to fit the formula, ¢(barns)=5.8+6.17 (EZ in ev)-4, in 
fair agreement with earlier results. A resonance at about 1 
ev attributed in the literature to zirconium was found to 
belong to hafnium. Erbium was found to have a neutron 
resonance at about 0.5 ev Ni® was found to be the isotope 
primarily responsible for the anomalously high scattering 
cross section of normal nickel, confirming the recent 
(unpublished) results from neutron diffraction studies of C. 
G. Shull, E. O. Wollan, and M. C. Marney, at Oak Ridge 
National Laboratory. Results are given also for Ni®. 


1L. B. Borst, - J. Ulrich, C. L. Osborne, and B. Hasbrouck, Phys. 


Rev. 70, 108 (1946 
2C. S. Wu, L. J. Rainwater, and W. W. Havens, MDDC 480. 


K6. On the Absorption of Slow Neutrons by He; Nuclei. 
L. D. P. Ktnc anp Louts GoLpsTEIn, Los Alamos Scientific 
Laboratory.—Using the enriched uranium pile of this 
Laboratory, the absorption of thermai and subthermal 
neutrons by He; nuclei was studied in the average neutron 
energy range of 16k < kT < 425k, k being Boltzmann’s con- 
stant. The subthermal energy neutrons have been obtained 
by filtration through increasing thicknesses of graphite. It 
is found that the total absorption cross section of Hes for 
these neutrons obeys the ‘‘1/v’’ law in this energy range. 
The value of the product (o. Xv) averaged always over the 
velocity distribution of the incident neutron beam, oz 
denoting the absorption cross section and v the neutron 
velocity, was found to be (11.2+0.5)10* barns X meters 
Xsecond-!. The error indicated results from a very con- 
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servative estimation of this quantity. The thermal neutron 
(293k) absorption cross section turns out to be about 5000 
barns, in good agreement with a direct measurement of the 
He;(n, »)Hs reaction cross section obtained in this labora- 
tory by J. H. Coon. Within the precision of the absorption 
measurements, there is evidently room for elastic scattering 
or other types of cross sections at these low energies. It is 
planned to extend these studies to higher energy neutrons 
corresponding to the resonance groups of a number of 


nuclei. 


K7. On the Interpretation of Neutron Inelastic Scatter- 
ing Data. BERNARD T. FELD, Massachusetts Institute of 
Technology.—Data on inelastic scattering of fast neutrons, 
mainly due to the Los Alamos group,! yield the following 
information: (1) For incident energies up to 3 Mev, the 
distribution of inelastically scattered neutrons from Fe can 
be understood in terms of a simple system of levels spaced 
~0.8 Mev apart, together with reasonable cross sections 
for their excitation. Other data confirm this level scheme. 
(2) The distributions of inelastically scattered neutrons 
from W and Au agree well with the predictions of 
Weisskopf’s statistical theory,? assuming a reasonable, ~50 
kev, spacing of the lowest levels. (3) The Pb data require an 
interpretation similar to Fe, with approximately the same 
(~0.8 Mev) level spacing indicated. The data of Dunlap 
and Little* on the inelastic scattering of 2.5 Mev neutrons 
are consistent with this interpretation. Because of the large 
level spacing, the statistical theory is not meant to be 
applicable to Fe or Pb at low incident neutron energies. 
These results further confirm the observation that the 
nuclear characteristics of Pb are in many respects those of a 
“light” element. 


1H. H. Barschall, E.*Battat, W. C. Bright, E. 
Jorgensen, and J, H. dh ty Phys. Pe. 73. 881 (1947 ). 
a Weisskopf, Phys. Rev. 52, 295 (193 
H. F. Dunlap and R. N. Little, Phys. ie. 60, 693 (1941). 


. R. Graves, T. 


K8. Spin-Dependent Neutron Scattering by Various 
Nuclei. C. G. SHULL AND E. O. WOLLAN, Oak Ridge 
National Laboratory.—In the scattering of neutrons by 
protons, it has been shown by several independent experi- 
ments? that the scattering amplitudes for the two spin 
states are markedly different. Similar conclusions con- 
cerning the presence or absence of spin-dependent scatter- 
ing by other nuclei can be derived from a determination of 
the coherent scattering cross section in neutron diffraction 
experiments. If the coherent scattering cross section is 
measurably smaller than the total scattering cross section 
for a specific nucleus, it can be concluded that the incoher- 
ence is caused by spin-dependent scattering. From measure- 
ments performed on 17 specific nuclei possessing nuclear 
spin, it has been found that 10 of these show pronounced 
differences in these two cross sections. These include H, D, 
Li’, N, Na, V, Mn, Co, As and Cs. On the other hand, Be, 
F, Al, Cb, I; Au and Bi show little or no spin incoherence 
and hence the scattering amplitudes for the two spin states 
must not be appreciably different for these nuclei. 

1R. B. Gatton. T. Hall, et al., Phys. Rev. 72, 1147 (1947), 


2C. G. Shull, E. O. Wollan, G. A. Morton, and W. L. Davidson, 
Phys. pay 73, 830 (1948). 


K9. On the Delayed Neutron Emitter ;N'’.* K. H. 
Sun, B. JENNINGs, W. E. SHoupp, Westinghouse Research 
Laboratories, AND A. ALLEN, University of Pittsburgh.—The 
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formation of N!’, the only known light nucleus that emits 
delayed neutrons (half-life 4.14 sec.), was reported by the 
University of California group.! It was made by bom- 
barding oxygen and elements immediately above it with 
195 Mev deuterons, By using 30 Mev or lower a-particles 
from the University of Pittsburgh cyclotron, we were able 
to induce the reaction C'*(a, p)N!’. The half-life of the 
delayed neutrons from the N!? formed was observed to be 
4.6 sec. +1 sec. The upper limit of the threshold for the 
a-particles of the above reaction is about 16 Mev and the 
cross section for 28 Mev a-particles is about 0.06 barn. The 
formation of N!” by other processes and the possibility of 
other delayed neutron emitters are being investigated. 


* Assisted by the Joint Program of the Office of Naval Research and 


the Atomic ag a Commission. 

E. O. Lawrence, C. E. Leith, B. + Sear and R. L. 
teanene Bail yi Phys. Soc. 23 6), 20 (1948): . E. Chupp and 
E. M. McMillan, Bull. Am. Phys. Soc. 23 (3), 20 (1948); L. W. Alvarez, 
Bull. Am. Phys. Soc. 23 (3), 20 (1948). 


K10. Coincidence Measurement of Neutron Energies. 
D. C. Wort, Yale University.*—A coincidence technique 
has been developed by means of which the energy of 
neutrons may be determined. Protons which originate as 
recoils from the incident neutrons in a hydrogen-filled pro- 
portional counter pass through a variable amount of ab- 
sorption into a second proportional counter. Coincidences 
between the two counters are registered on the output of a 
medium resolution coineidence circuit, and are normalized 
to the counting rate in the first counter. A plot of coinci- 
dence rate as a function of absorption gives the extrapolated 
range and energy of the scattered protons, hence of the 
neutrons. This technique has been applied to the C!#(dn)N'* 
reaction with the result that several groups have appeared, 
one of which may be identified as the ground state of N". 


* Assisted by the Joint Program of the Office of Naval Research and 
the Atomic Energy Commission. 


Physics of Liquids; X-Rays 


Ll. The Conductivity of Dilute Water Solutions Near 
the Critical Temperature. G. E. OWEN, Antioch College.— 
The impedance of dilute NaCl solutions and of the vapor 
above the solutions has been continuously recorded on a 
Micromax recorder which also recorded the temperature of 
the bomb. Curves are shown for various degrees of filling of 
the bomb. When the bomb contains N/40 NaCl solution 
(30 percent charge) with air above it, the impedance of the 
liquid phase decreases with rising temperature to a mini- 
mum at about 325°C and then rises. At 375°C it rises very 
sharply to a higher value. The vapor shows very high 
impedance, until the temperature 375°C is reached when it 
suddenly drops to 100-200 ohms, of the same order. of 
magnitude but not the same value reached by the phase in 
the bottom of the bomb at the same temperature. A differ- 
ence between impedances at top and bottom of the bomb 
continues for at least 10° above the critical temperature. If 
the air is removed from the bomb, the curves for the top 
phase are about the same but those for the bottom show 
constant impedance from about 300°C to 390°C or higher. 
There is no sudden change at 375°C. Similar results are 
shown for distilled water. The investigation is part of a 
research project sponsored by the U. S. Army Signal Corps. 


L2. Density of Water as Function of Temperature. 
GEORGE ANTONOFF AND RoBeErT J. Conan, N. Y. U. 
—It was shown by the author that densities of liquids 
change with temperature discontinually.! The densities of 
water as given in all tables appear to be an exception to the 
rule, because the curve is smooth. Experiments below 80°C 
showed that the curve is just like all other liquids. It shows 
a kink just above 50°C, another at about 47°C and so on. 
The results are well reproducible. The data given in tables 
have been apparently smoothed owing to interpolation. 


1G. Antonoff, Phil. Mag. 1, 265 (1925). 


L3. Efficiency of the Electrolytic Separation of Nitrogen 
Isotopes.* Dwicut A. HuTcHIsON, Argonne National 
Laboratory.—The electrolytic separation coefficient, a, has 
been determined for the nitrogen isotope separation in the 
electrolysis of aqueous solutions of ammonium chloride at a 
flowing mercury cathode. A mass spectrometer! with a 60° 
magnetic analyzer was employed in determining isotopic 
changes. The electrolytic separation factor was found to be 
1.008+0.001 for the temperature interval of 30°-70°C, and 
within the limits of error of the experiments was inde- 
pendent of temperature, of the fraction electrolyzed, of the 
concentration of electrolyte, and of the amount of back 
reaction at the cathode. A plot of a’s for elements? thus far 
investigated against their atomic weights yields a smooth 
curve which approaches zero slope at about mass 25 and 
extends to mass 40. If extrapolation to high masses is 
permissible, then an electrolytic process for separating high 
masses appears more efficient than, for example, a diffusion 
process. 


* The experimental work on this problem was done at the Georgia 


School of Technology. 
1D. A. Hutchison, Research Engineer VIII, 3 (1946). 
2 For a review of previous work see D. A. Hutchison, J. Chem. Phys. 


14, 401 (1946). 


14. Critical Point Fluctuations.* MARTIN J. KLEIN AND 
L. Tisza, Massachusetts Institute of Technology.—It is well 
known that the fluctuations in particle density of a fluid 
become large near the critical point; this effect is manifested 
in critical opalescence. The usually adequate method of 
representing a single volume element of fluid by the grand 
canonical ensemble is invalid near the critical point as it 
predicts infinite fluctuations, contradicting experimental 
results. We have made a new calculation of the fluctuations 
treating the whole sample of fluid as divided into volume 
elements whose interactions are especially considered. The 
sample is represented by a grand canonical ensemble which 
is approximated (except very close to the critical point) by 
a multi-dimensional Gaussian distribution. The fluctuations 
in each volume element and their correlations are calculated 
and are always finite. The results are applied to the calcula- 
tion of scattered light intensity leading to the formula of 
Ornstein and Zernike, with, however, a more adequate 
interpretation of the final expression. The relations of this 
calculation to previous work! and the generalization to 
other critical points and \-points will be discussed. 


* This work has been supoarted in part by the Signal Corps, the Air 


Mya Command, and 
. Ornstein and F. Zernike, Physik. Zeits. Fy (1926). See 


tin i. v. Smoluchowski, Ann. de Physik 25, 205 


LS. Approach to Spectral Equilibrium in the Penetra- 
tion of X-Rays.* U. Fano and P. R. Karr, National 
Bureau of Standards.—In the process of Compton scattering 
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some of the scattered radiation is only infinitesimally softer 
than the incident radiation. Therefore, equilibrium between 
a primary beam and its secondaries is never attained in the 
course of penetration through a barrier. “Equilibrium” 
(implying a spectral distribution that does not vary with 
the depth of penetration) is, however, attained among the 
secondary components, except those extremely close to the 
high energy limit. Now, the spectral distribution right near 
the high energy limit is expressed at all depths by means of 
a confluent hypergeometric function, provided only that 
the absorption coefficient varies monotonically. This ex- 
pression serves to bridge the spectral interval where 
equilibrium is not attained. From it one finds the asymptotic 
law of decrease at great depths of the intensity of all 
secondary components that have attained equilibrium 
among themselves: exp(—u(Eo)x)x*4o50), Here x is the 
depth of penetration, u(EZ) the absorption coefficient at the 
energy E, Eo the energy of the primary, K(E, E£’) 
=o(E, E')/(—dow(E)/dE), o(E, E’)dE’ the differential 
cross section for Compton scattering from the energy E to 
E’, and otor(Z) the total absorption cross section at the 
energy E. Representative values of K are: 


Eo (Mev): 0.5 1262 5 10 
K(Eo, Eo): 4(Al) 2.2 1.4 1.4(Al) 1.4(Al) 


* Research supported by Office of Naval Research grant. 


L6. The Sensitivity of X-Ray Films in the 10-kv to 
250-kv Range. HERMAN HOERLIN, Ansco Research Labora- 
tories.—The spectral response of x-ray emulsions was de- 
termined as function of the number of absorbed quanta and 
also as function of the truly absorbed energy needed to 
produce a given optical density. Non Screen film requires 
10® quanta/cm? at 1.27A and 10? quanta/cm? at 0.06A to 
develop a density of 1.5 above fog. When expressed in terms 
of truly absorbed energy (energy converted into electron 
energy), sensitivity increases with decreasing wave-length. 
These data, together with those of the range of electrons in 
silver bromide and of their energy loss per unit pathlength, 
permit the determination of the inherent sensitivity of the 
average grain, which for Non Screen is close to (2 kev)™. 
Hence, taking 7.6 ev as the energy required to form one ion 
pair in a silver halide,’ 260 latent image silver atoms are 
needed to make the grain developable against 120 atoms for 
the same emulsion at 4250A. This relative inefficiency of 
x-ray exposures is believed to be due to formation of large 
amounts of internal latent image. 


fo P. Van Heerden, The Crystal Counter, Dissertation, Utrecht, 


L7. Single Crystal vs. Double Crystal X-Ray Spec- 
trometers. J. A. BEARDEN AND G. L. RoGosa, The Johns 
Hopkins University.—Coster and DeLang'! have con- 
structed a Bragg focusing type of x-ray spectrometer of 
large dimensions and with it have made x-ray line widths 
and absorption measurements which they state are superior 
to similar measurements made with double crystal spec- 
trometers. We have constructed. a similar focusing 
spectrometer of even larger dimensions and have arranged 
a recording such that either the photographic or Geiger 
counter method could be used. The exploring slit used in 
front of the Geiger counter was 10-? mm wide. The instru- 
ment has been tested by measuring the width of the copper 
Ka; line with different calcite crystals. The best result was 
obtained with a perfect calcite which was one of a pair that 


gave theoretical (1-1) widths on a double crystal spectrome- 
ter. The narrowest width obtained for the Ka; line was 44 
seconds on the focusing spectrograph and 39.7 seconds on 
the double crystal spectrometer. This result, together with 
new absorption measurements made in this laboratory 
suggest that the resolving power of the focusing spectrome- 
ter has been considerably overestimated. 


1D. Coster and H. DeLang, Physica 13, 379 (1947). 


L8. L X-Ray Absorption Edges of Tantalum. G. L. 
Rocosa AND H. Giaser, The Johns Hopkins University.— 
The L x-ray transitions involving the valence bands of Ta 
both in emission and absorption have been measured by 
means of a double crystal spectrometer with Geiger counter 
detection. The wave-lengths of the absorption edges and 
the widths of the L levels have been determined by fitting 
theoretical arc tangent curves to the experimental points 
according to the theory of Richtmyer, Barnes, and 
Ramberg.! An initial absorption due to the ejection of 2s 
electrons into the 5d and 6s bands having p character is 
clearly resolved for the L; edge. The reality of this initial 
absorption and the width of the L; level are in disagreement 
with the conclusions of Coster and DeLang? from their 
recent single crystal spectrographic measurements. There 
is good agreement in the appearance of the Ta Lj; and 
Ta Li edges as compared with those of WLy; and WLi 
which have been discussed? in terms of the density of states 
in the valence bands. 


1 Richtmyer, Barnes, and Ramberg, Phys. Rev. it. $43 (1934). 
2D. Coster and H. DeLang, Physica 13, 385 (1947). 
3J. A. Bearden and T. M. Snyder, Phys. Rev. 59, 162 (1941). 


L9. The High Frequency Limit of the Continuous X-Ray 
Spectrum. G. ScHwWARZ AND J. A. BEARDEN, The Johns 
Hopkins University—Anex-ray tube with a unipotential 
cathode has been developed for making a detailed study of 
the fine structure in the isochromats at the high frequency 
limit. The present measurements have been made at the 
wave-length of the copper Ka; line or a voltage of 8050. 
Targets of tungsten and tantalum exhibit similar sharp line 
structure near the. high frequency edge, whereas with 
molybdenum and gold it is less pronounced and with copper 
this line seems to be practically missing. For tantalum the 
structure at 2.5°, 15°, and 30° is the same, which is contrary 
to the interpretation of the structure given by DuMond.! 
The necessity for applying the work function correction has 
been verified by the use of oxide cathodes. Subject to a final 
re-check of our three standard cells and the voltage divider 
resistance, the value of h/e is 1.3783+-0.0001X10-"" erg 
sec./e.s.u. This is in excellent agreement with our previous 
measurements? and definitely does not agree with the value 
computed from the inter-relationships of the fundamental 
constants. 


1J. W. M. DuMond, Phys. Rev. 72, 276 (1947). 
2J. A. Bearden and G. Schwarz, Phys. Rev. 74, 1209 (1948). 


L10. Precision Seteecniaeet of the Wave-Length and 
Spectral Profile of the Annihilation Radiation from Cu 
with the Two-Meter Focusing Curved Crystal Spec- 
trometer.* JEssE W. M. DuMonp, Davin A. LIND AND 
BERNARD B. Watson, California Institute of Technology.— 
The two-meter focusing curved crystal spectrometer has 
been used to make a direct precision wave-length measure- 
ment of the annihilation radiation from Cu. Using a 2.5- 
curie source of Cu, a sharp annihilation radiation line, 














substantially symmetrical to within the precision of our 
observations, was obtained. The measured wave-length at 
the peak of this line was 0.024271+0.000010A which is 
in satisfactory agreement with the value 0.0242650 
+0.0000025A obtained by DuMond and Cohen for the 
Compton wave-length. The profile of the observed annihila- 
tion “line” is slightly broader than instrumental causes 
seem capable of accounting for. The residual “natural” 
profile, after abstraction of the instrumental broadening, is 
roughly estimated to have a half-width of 0.096 x.u. If this 
were ascribed to a Doppler effect of the motions of recom- 
bining pairs of moving negative and essentially stationary 
positive electrons, the velocities would correspond to 
electrons of only 16 ev, an order of energy which can hardly 
be associated with anything but the conduction electrons in 
copper. The 0.66-Mev positrons emitted by the Cu® nuclei 
are so rapidly retarded by large parameter inelastic 
“collisions” with electrons as Heitler has shown, that less 
than two percent of them undergo annihilation before 
reaching thermal velocities. They then become virtually 
stationary targets for annihilation chiefly by conduction 
electrons and possibly M electrons. 


* Assisted by the Joint Program of the Office of Naval Research and 
the Atomic Energy Commission. 


L1l. A Precision Study of the Tungsten K Spectrum 
Using the Two-Meter Focusing Curved Crystal Spec- 
trometer.* BERNARD B. Watson,** WILLIAM J. WEsT, 
Davin A. LIND, AND JESSE W. M. DuMonbp, California 
Institute of Technology.—Using the two-meter focusing 
curved crystal gamma-ray spectrometer, careful measure- 
ments were made of the wave-lengths of the K series lines 
and K absorption edge of tungsten for the dual purpose of 
establishing a precision linkage between wave-length meas- 
urements in the gamma- and x-ray regions and of improving 
our knowledge of the tungsten wave-lengths. The high pre- 
cision, resolution, and luminosity of the instrument made 
possible the complete resolution of the 8-doublet, the partial 
resolution of the y-doublet, and the detection of a 6-line 
close to the absorption edge. Absolute determinations were 
made of the Bragg angles for Mo Ka; and W Ka, reflected 
from the (310) planes of quartz using a precision two- 
crystal spectrometer. These were undertaken (1) to stand- 
ardize the tungsten K spectrum with higher accuracy in 
terms of the Siegbahn scale of x-ray wave-lengths and (2) 
to yield on this scale a precision determination of the 
grating constant of the quartz (310) planes. Adopting the 
value of 208.575+0.008 x.u. for the wave-length of the 
W Kaz line, the wave-lengths in x.u. of the K series lines 
(Sommerfeld notation) and K edge were found to be: 


as x, Bs Bs 12 n é Edge 


213.387 208.575 184.772 183.967 179.212 179.038 178.052 177.947 
0.010 +0.008 =+0.020 =+0.020 +0.020 +0.020 +0.020 =+0.020 


* Work supported by contract with the Office of Naval Research. 
** Now at Temple University, Philadelphia, Pennsylvania. 


L12. Accurate Simple Recording Microphotometer. 
P. ROSENBLUM AND A. DE BRETTEVILLE, JR., Signal Corps 
Engineering Laboratories.—A microphotometer suitable for 
the study of x-ray diffraction film was designed and built at 
Squier Laboratory. This instrument may be of general 
interest since it is suitable for a wide range of film and glass 
plate photographs. The results obtained were satisfactory. 
Only essential components were used in order to facilitate 
manufacture in the laboratory shop. A simple optical 
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system was used because of the large grain size of the film 
used in x-ray diffraction work, in contrast to fine grain 
optical spectroscopic plates. Thus it was possible to use a 
lower resolving power optical system. An electronic voltage 
recorder was used to amplify and record the signal from a 
photo-tube bridge circuit through an impedance matching 
cathode follower. 


Meson Theory 


M1. Symmetrical Meson Theory of Nuclear Forces. 
T. Y. Wu ann H. M. Fotey, Columbia University —The 
static and the first order non-static nucleon potential on the 
basis of the Moller-Rosenfeld-Schwinger mixture of a 
vector meson of mass Ko and a pseudoscalar meson of mass 
315m, is assumed. One relation among the coupling con- 
stants is postulated to remove the inadmissable singu- 
larities in the tensor force term. The coupling constants are 
then determined by means of the binding energy of the 
deuteron and the total cross section for slow neutron scat- 
tering. The potentials so determined are used to calculate 
the “effective range”’ ro for the triplet and the singlet states 
(proton-proton scattering), the quadrupole moment Q of 
the deuteron, and the cross section o and [o(r)/o(#/2)] for 
proton-neutron scattering at 100 Mev. The value Ko=1.5 
315m, while giving somewhat too low values for 
the ro’s yields entirely too small a Q and too large a ratio 
o(x)/o(r/2); whereas the value Ko=2X315m, while giving 
better values for Q and o(r)/o(x/2) yields much too small 
values for the ro’s. It is concluded that this failure to ac- 
count for both the high energy and the low energy scat- 
tering data seems characteristic of any potential having the 
exchange properties of the symmetrical meson theory. 


M2. Correction to Nucleon Scattering from Virtual 
Meson Emission. Ninc Hu, Cornell University.—The 
radiative coorection to the scattering of a nucleon by a 
given static meson field due to the virtual emission and re- 
absorption of mesons is calculated by the usual perturba- 
tion method. It is found that the radiative correction still 
diverges even after the relativistic mass effect (corre- 
sponding to terms (4a, a’, d, d’, e, e’) in Dancoff’s calcula- 
tion) has been subtracted. This is in contrast to the case of 
electrodynamics. For all types of coupling with any kind of 
mesons, the divergence is quadratic except the case (i) of 
pseudoscalar or scalar coupling with pseudoscalar or scalar 
mesons, where the divergence is logarithmic. These diver- 
gent terms can be interpreted as renormalization of mesonic 
charge, which is of different origin from that due to vacuum 
polarization. The same mesonic radiative correction to the 
scattering of a proton in an external electromagnetic field is 
also found to be divergent except for the case (i). These 
divergent terms must now be interpreted as renormalization 
or modification of the electric charge of the proton due to 
virtual mesons. This makes it difficult to understand why 
the electron, which has no direct interaction with mesons, 
should have the same electric charge as the proton. Further 
investigation is in progress to see whether the result is due 
to the inadequacy of the older non-covariant perturbation 
methods. 


M3. The Interaction of Photon, Meson, and Nucleon 
Fields. GEORGE J. YEVICK, Stevens Institite of Technology.— 
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Following the method of Kanesawa and Tomonaga! who 
have worked the case out for meson-photon interaction, we 
have obtained the invariant interaction Hamiltonian for a 
photon-(charged scalar) meson-nucleon system with two 
types of coupling between the nucleon and meson field. The 
analysis for the coupling, depending on the derivative of 
meson field, produces two additional kinds of terms, an 
interaction connecting all three fields and one depending on 
the nucleon field alone. An insight into the nature of 
the interaction Hamiltonian is got by going from the 
Schrédinger picture (which is the starting point of 
Tomonaga’s work) to the Heisenberg picture (starting 
point of Schwinger’s new formalism) by a contact trans- 
formation and determining the contact transformation 
needed to go from the Heisenberg picture to the interaction 
representation. The nucleon-photon mass and polarization 
evaluations have been performed by Schwinger, meson- 
photon by Feynman and Pais, while the calculations for 
nucleon-meson interaction for scalar-type coupling are 
simple applications of Feynman’s elegant prescription. We 
shall discuss the analysis (now under way) for derivative- 
type coupling using Feynman’s method. 


1 Kanesawa and Tomonaga, Prog. of Theo. Phys. 3, 1 (1948). 


M4. Equivalence Theorems for Meson-Nucleon Coup- 
ling. K. M. Case, The Institute for Advanced Study.—For 
some time? it has been known that to a certain approxi- 
mation there exist relations between the different types of 


couplings of scalar and pseudoscalar meson fields with . 


nucleons. Since these theorems obviously represent very 
important labor saving devices, an investigation was made 
of their precise statement and limits of validity. The modi- 
fications of these theorems when an external electro- 
magnetic field is present were considered. For generality 
the Schwinger-Tomonaga many time formulation of meson 
theory was used. For the scalar theory the theorem may 
be stated as follows: To order g* the Hamiltonian describ- 
ing mesons coupled with nucleons by means of both a vec- 
tor and scalar interaction in the presence of an external 
electromagnetic field may be replaced by an equivalent 
Hamiltonian. This is one without any vector coupling plus 
an additional term of order eg*. For the pseudoscalar case 
the theorem may be stated as showing the equivalence of 
the general Hamiltonian to one with a modified pseudo- 
scalar coupling plus two additional terms. The significance 
of the additional terms will be discussed. 


1E. C. Nelson, Phys. Rev. 60, 830 (1941). 
2F. J. Dyson, Phys. Rev. 73, 929 (1948). 


MS. On the Interaction of a Nucleon with a Pseudo- 
scalar Meson Field. HERBERT GOLDSTEIN, Harvard Uni- 
versity, AND HERMAN FESHBACH, Massachusetts Institute of 
Technology.—The recent reformulations of quantum elec- 
trodynamics have had remarkable success in explaining 
the finite radiative reactions observed in atomic spec- 
troscopy. These successes suggest that a similar reformula- 
tion for meson fields might eliminate some of the difficulties 
of previous meson theories of nuclear forces. To explore 
this possibility a particularly simple model has been in- 
vestigated by the methods of J. Schwinger.! The model was 
patterned closely after the atomic case; the electron moving 
around a center of force. Instead of a Coulomb potential 


the external field is a non-tensor spin-dependent potential. 
The role of the electromagnetic field is here taken by a 
neutral pseudoscalar meson field with a pseudoscalar 
coupling with the nucleon. The apparent infra-red catas- 
trophe of the electromagnetic case does not occur here, 
because of the finite meson mass. Among the term gener- 
ated are tensor-force potentials behaving as e~*r~* for 
large distances (starting from a Yukawa potential), but 
varying roughly as r~ close to the center of force. The 
transition occurs in the neighborhood of r=h/Mc. 


1J. Schwinger, Phys. Rev. 73, 416 (1948); 74, 1439 (1948) and in 
press. 


M6. On the Coupling of u-mesons with Nucleons. 
J. TIOMNO AND JOHN A. WHEELER, Palmer Physical Labora- 
tory, Princeton University—The probability of the charge 
exchange reaction between a nucleus and a meson, pre- 
viously captured in a K-orbit, was computed using the 
excitation probabilities referred to in the following ab- 
stract. Comparison with the experimental value for Z~10 
gave for the coupling constant between p-mesons and 
nucleons a value ~10~** erg cm? in all three models used 
there. This value is of the same order as the coupling 
constant of the “in” principle quite independent inter- 
action between electrons and nucleons determined from 
nuclear 6-decay and also as that of electrons and y-mesons. 
This unexpected agreement raises the: possibility that 
there is a fundamental interaction between all elementary 
particles with 4 spin whiéh has in all cases the same 
strength. Of course the direct interaction of u-mesons with 
nucleons could exist simultaneously with an indirect 
coupling of the same order—through a w-meson field—as 
would be implied by a x-meson of 10-8 sec. life which were 
responsible for nuclear fgrces.* 


* Marty and Prentky, J. de Physique 9, 147 (1948); J. Leite Lopes, 
Phys. Rev. (in press). 


°M7. On the Spin of x- and u-Mesons. JoHN A. WHEELER 

AND J. TIoMNO.*—The possibility that x- and y-mesons 
have spin $ has been investigated by a phenomenological 
treatment of the nuclear excitation resulting from meson 
capture. The basic reaction was taken as: negative meson 
plus proton—neutral meson (neutrino?) plus neutron. 
The Fermi model of the nucleus was used in the two ex- 
treme cases of nuclear radius small and large relative to 
the Compton wave-length of the meson. A Hartree model 
was also used for the case of u-capture by O"*, as suggested 
by Christy. Results in all cases were qualitatively equiva- 
lent. Even-for near zero mass of the neutral meson the 
nuclear excitation came out to be small. The maximum 
excitation energy was at most near $ of the rest mass of 
the negative meson. Thus very small and rare stars should 
be expected. This result agrees with experimental data 
for w-meson capture but directly conflicts with the fre- 
quent and large stars produced by z-mesons. Thus the 
possibility of a spin } is excluded for x-mesons and favored 
for u-mesons. ° 


* State Department Fellow of the University of Sdo Paulo. 


M8. The Absorption of Negative Pi-Mesons in Hydro- 
gen.* A. S. WiGHTMAN, Princeton University, R. E. 
MarsHAK, University of Rochester, AND J. A. WHEELER, 
Princeton University—The calculations reported here 














show that an appreciable fraction of negative pi-mesons 
sent into liquid hydrogen reach inner orbits around the 
proton before decaying. Radiationless absorption of the 
meson by the proton to form a neutron is forbidden by 
energy and momentum considerations in contrast to the 
situation in all other nuclei. What reaction does occur 
depends on the nature of the meson and can be determined 
experimentally by a search for y-rays and neutrons. If the 
negative pi-meson is a fermion, as seems very unlikely (see 
preceding abstract) then the absorption will give rise to a 
neutral fermion, a neutron of at most ~10 Mev and no 
gamma-ray. If the meson is a boson, it may either be ab- 
sorbed with the emission of a neutral boson which should 
decay into two photons of about 67 Mev each. Experi- 
ments on the capture of negative pi-mesons should there- 
fore fix their boson or fermion character. Under favorable 
circumstances the strength of the coupling of pi-mesons to 
nucleons can also be determined. 


* Work reported here and in the two previous abstracts supported 
by the Joint Program of the Office of Naval Research and Atomic 
Energy Commission. 


M9. Production of x-Mesons in Nucleon-Nucleon Colli- 
sions.* L. L. Foitpy, Case Institute of Technology AND 
R. E. MarsHak, University of Rochester.—The cross sec- 
tion for the production of a-mesons in nucleon-nucleon 
collisions is calculated at energies just above the threshold. 
The process is treated in analogy with photonic brems- 
strahlung: the z-meson field is coupled to the nucleon and 
an empirical potential between the two nucleons ensures 
momentum and energy conservation. The nuclear potential 
is taken from the Berkeley experiments on neutron-proton 
scattering at 90 Mev. In our treatment the symmetric 
scalar theory yields zero-meson production cross section 
if the recoil of the nucleons is neglected. The symmetric 
pseudoscalar theory with pseudovector coupling leads to 
total cross sections of 0.05, 0.5, and 2 microbarns at 1.25, 
1.5, 2.0 times the threshold energy, respectively, if the 
high energy scattering is fitted by a central Yukawa poten- 
tial. The angular distribution is uniform in the center of 
mass system, and the ratios of charged and neutral mesons 
are essentially those expected from a weak coupling theory. 
The cross sections obtained are a thousand times smaller 
than the cross sections found by Morette and Peng! on 
the basis of a thoroughgoing field-theoretic treatment. 


* Assisted by the Joint Program of the Office of Naval Research and 
the Atomic Energy Commission. 
1 Morette and Peng, Proc. Roy. Irish Acad. 51A, 217 (1948). 


Nl. The Performance of a Light Scattering Photometer 
for Determining High Molecular Weights. B. A. Brice, 
Eastern Regional Research Laboratory,* Philadelphia.— 
A photoelectric photometer designed for the measurement 
of absolute turbidity, dissymmetry, and depolarization of 
dilute solutions of high molecular weight materials is de- 
scribed. Improvements over an earlier model** include use 
of opal glass as a reference transmission diffusor, a multi- 
plier photo-tube receiver, and compensation of most of the 
refraction effects. The working relationships leading to de- 
termination of absolute turbidity are developed, both for a 
“substitution” method and a ‘working standard” method. 
Sources of error encountered in earlier work and remedied 
include: serious deviations from the cosine law of emission 
for a reflecting diffusor of magnesium carbonate; depend- 
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ence of response of photo-tube on plane of polarization of 
incident radiation; and refraction effects. Data illustrating 
the performance of the instrument include determination 
of Rayleigh’s ratio and depolarization for benzene; mo- 
lecular weights of sucrose octaacetate, lactoglobulin, serum 
albumin, and fractions of polystyrene. Agreement with 
other methods for these materials is in general within 
+5 percent. 


* One of the Laboratories of the Bureau of Agricultural and In- 
dustrial Chemistry, Agricultural Research Administration, United 
States Department of Agriculture. 

** R, Speiser and B. A. Brice, J. Opt. Soc. Am. 34, 364(A) (1946). 


N2. Determination of Molecular Weights and Sizes by 
Absorption. W. M. CAsHIN AND P. DeBYE.—The paper 
presents a convenient method for determining the weights 
and sizes of large molecules in solution. The method re- 
quires the measurement of the secondary absorption of 
polymer solutions at several concentrations and several 
wave-lengths, and also a knowledge of the change of re- 
fractive index of the solutions with concentration at the 
wave-lengths used. The conventional H*/a vs. ¢ plot for 
each wave-length is made, where 


_ 32n5 none) tad 

ns ( c / NM 

a is the secondary absorption (total turbidity) and ¢ the 
concentration. When the molecules in solution are not 
small compared to the wave-length, the intercepts of the 
above plots will not be the same, and the equation for small 
molecules , 
H¢/a=1/M does not hold. 


In such a case 
H*/a=(1/M)-(1/s), 


where to a first approximation 
1/s=14+-AD%(ut/2?), 


where D is a molecular linear dimension. If one plots the 
(H¢/a)o intercepts against (yo/A)?, a straight line is ob- 
tained (for highly cross-linked polymers), and the intercept 
at (uo/A)?=0 of this latter plot is the correct 1/M. If one 
selects as a model for the molecules in solution the homo- 
geneous sphere, Debye has. shown that the slope of the 
(H¢/a)o vs. (uo/)? plot is just equal to 
6.056D?/M 


with D then the diameter of the homogeneous sphere. If 
the linear coiling model is used, the limiting slope is equal 
to 4.24R?/M, where R? is the square of the average distance 
from beginning to end of the chain. 


N3. A Method of Measuring Molecular Weight Dis- 
tribution Breadth. F. W. BmLtMEYER, JR., AND W. H. 
StocKMAYER, E. I. duPont de Nemours Company, Inc. 
—Based upon the suggestion of Spencer* a method for 
estimating the breadth of the molecular weight distribu- 
tion of a high polymer has been devised: a polymer solution 
is divided into aliquots, and part of the polymer in each 
aliquot is precipitated with non-solvent so that the range 
from complete solution to complete precipitation is covered. 
The weight and (weight-average) molecular weight of each 
precipitate is measured. From these data the distribution 
breadth is estimated in terms of a parameter, H, represent- 
ing the departure of the distribution from that of a single 
molecular species. In the theoretical section, H is related 
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to other parameters of distribution breadth, such as 
Mw/Mn, for some well-known analytical distribution 
functions. A number of experiments with polymethyl 
methacrylates are described and the results are discussed 
with reference to polymerization kinetics. Osmotic pressure 
and light scattering determinations have been made to 
evaluate directly Mw/Mn. The values compare favorably 
with Mw/Mn estimated from H. Errors in both the theo- 
retical and experimental treatments are discussed. 


* R.S. Spencer, J. Polymer Science 3, 606 (1948). 


N4. Soap Solutions.* P. DeByE.—The light scattered 
by solutions of some cationic detergents has been investi- 
gated. The viscosities of these solutions have also been 
measured. Little difference in scattering or viscosity is 
observed between the solutions and the solvent until the 
critical concentration for micelle formation is reached. For 
higher concentrations both quantities increase considerably 
over those found for the solvent. The increase in turbidity 
has been used to calculate the molecular weights of the 
soap micelles in different solvents and under various con- 
ditions; the increase in the viscosity was used to find ap- 
proximate values for the density of the soap micelle. The 
turbidities of solutions of lauryl trimethylammonium bro- 
mide in water-glycerine mixtures were measured. They 
were found to decrease when the percent glycerine in the 
solvent was increased and the micelles became smaller. 
When solutions of the same detergent were saturated with 
benzene they were found to be more turbid than before 
the addition of benzene. The amount solubilized was de- 
termined spectrophotometrically. Coupling this informa- 
tion with the molecular weights calculated from the tur- 
bidities it can be shown that the benzene makes up about 
one quarter of the micelle weight. Turbidity measurements 
at different temperatures indicate that as the temperature 
is increased the micelles become slightly smaller and the 
critical concentration increases. 

* The experimental work was done by R. M. Hagen and E. W. 
Anacker. It was financed by the Office of Rubber Reserve, Reconstruc- 


tion Finance Corporation, in connection with the Government's syn- 
thetic rubber program and by the Procter and Gamble Company. 


N5. Scattering by Inhomogeneous Solids.* A. M. 
BUECHE AND P. DeByE.—The scattering of light or x-rays 
by an inhomogeneous solid can be interpreted in terms of 
the magnitude of the average square of the fluctuations in 
refractive index or electron density and the sizes of the 
regions over which they occur. The intensity and angular 
distribution of the light scattered by ‘‘Lucite’’ and two 
glass samples have been investigated. The data have been 
interpreted by means of a new theory which enables one 
to find the above quantities. The intensity of blue light 
(A=4358A) scattered by “Lucite” was found to be high 
and strongly dependent on angle. The scattering at an 
angle of 6° from the direction of the primary beam was 
about 150 times more intense than at 90°, indicating large 
sizes for the inhomogeneities. The root mean square of the 
fluctuations in refractive index in ‘Lucite’ was about 
2X10-‘*. Scattering data found using green light could be 
superimposed on that for blue light in a way depending 
on wave-length alone. This is evidence that we really are 
dealing with a diffraction phenomenon. Both the crown 
and the flint glass samples studied showed only a small 
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angular dependence of scattering for blue light, indicating 
that the inhomogeneities were small in size. The root mean 
square of the refractive index fluctuations for the crown 
glass was approximately the same as for “Lucite.” 


* The work reported in this paper was done in connection with the 
Government Research Program on synthetic rubber under contract 
with the Office of Rubber Reserve, Reconstruction Finance Corporation. 


N6. Determination of the Shape of Particles from 
Dityndallism. WILFRIED HELLER, Wayne University.— 
A conclusive determination of the shape of colloidal crys- 
tals or molecules is possible by studies of the conservative 
dichroism or of the dityndallism. In order to occur, these 
effects require a partial orientation of the respective par- 
ticles by streaming, in an electric or a magnetic field. A 
determination of the basic shape (spheres, prolate or 
oblate spheroids) is possible without using the distribution 
function. By means of the latter, the three dimensions can 
be determined numerically and without difficulty, if all 
dimensions are small compared to the wave-length of light. 
The method is therefore particularly promising for nu- 
merical determinations of the three dimensions of protein 
molecules. It can also be anticipated that the method will 
allow a decision as to whether or not the statistical shape 
of polymer molecules varies with the solvent. The Lange- 
vin-Cotton relation makes it possible to decide as to 
whether or not the shape of non-rigid particles may 
change during the process of orientation, thus providing 
a quantitative tool for the study of possible hydrodynamic 
deformations of particles. An apparatus for the study of 
conservative dichroism and one for the study of dityn- 
dallism will be discussed, and a number of systematic pre- 
liminary data obtained with rigid colloidal particles will 
be presented. : 


N7. The Inter-Relationship of Some of the Hydro- 
dynamic Properties of Flexible Molecules in Solution. 
Jacos RiIsEMAN, Polytechnic Institute of Brooklyn.—The 
viscosity, diffusion and sedimentation velocities of solu- 
tions of flexible molecules are intimately associated with 
the relative motion of the solvent in the vicinity of the 
segments of the chain. This motion is, in turn, to a large 
extent determined by the hydrodynamic interaction which 
occurs between the parts of the chain. Analogously the 
orienting effect of a velocity gradient depends upon the 
magnitude of the rotatory Brownian motion of the particle, 
and therefore on the rotatory diffusion constant of the 
particle. Since this latter quantity is influenced by the 
resistive forces of the fluid in which it is immersed, it fol- 
lows that there should be a relationship between the rota- 
tory diffusion constant and the above-mentioned proper- 
ties. In particular, the rotatory diffusion constant is shown 
to be simply related to the intrinsic viscosity. Furthermore, 
data obtained from diffusion and sedimentation velocity 
measurements can also be used to calculate the rotatory 
diffusion constant. This, therefore, enables one to correlate 
viscosity, ultracentrifuge, and birefringence data, since 
from the latter the rotatory diffusion constant can be ob- 
tained. In addition, from such birefringence data one can 
obtain the size of the molecule, by comparing the experi- 
mentally obtained rotatory diffusion with that theoretically 
obtained. 
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Metals and Semi-Conductors; Cryogenics 


Ol. Determination of the Coefficient of Self-Diffusion 
without Radioactive Tracers. G. C. Kuczynsk1, Sylvania 
Electric Products, Inc.—Fine silver wire was sintered to 
cylindrical blocks of the same metal. The analysis of the 
problem allowed an expression for the self-diffusion co- 
efficient of silver in terms of the time and temperature of 
sintering and the breadth of the interface formed. The 
measurements yielded the values for self-diffusion coefficient 
D for silver summarized in the following equation: D=1.2 
Xexp(—45,000/RT) as against D=0.89 exp(—45,900/RT) 
obtained by W. A. Johnson,* using radioactive tracer 
method. 


* W. A. Johnson, Trans. A.I.M.E.E. 143, 107 (1941). 


O2. Damping of Single Crystals of Lead and Copper.* 
J. W. Marx AND J. S. KOEHLER, Carnegie Institute of 
Technology.—Damping characteristics of single crystals of 
lead and copper were investigated by means of an im- 
pedance bridge, employing a composite piezoelectric oscil- 
lator, after the fashion described by T. A. Read. The speci- 
mens, made from 99.999 percent lead and copper, were 
measured when in longitudinal vibration at their resonant 
frequencies, which in all cases were about 37 kilocycles. 
Results noted were: (1) Discontinuities, possibly associ- 
ated with slip, were observed when the acoustical im- 
pedance, or apparent a.c. resistance, was plotted against 
increasing strain amplitude. The discontinuities were ob- 
served only for lead specimens, never for copper, and they 
could not be reproduced by decreasing the strain amplitude 
from its maximum value. (2) The decrement of an impure 
lead crystal, one which contained 0.0015 percent bismuth 
as its major impurity, was compared with that of a speci- 
men made from pure (99.999 percent) lead. At strain ampli- 
tudes in the neighborhood of 2 10-6, the slope of the pure 
crystal was about six times as great as that of the impure 
crystal, with reference to the decrement vs. strain amplitude 
curves. (3) Single crystals of copper were obtained which, 
after eight hours annealing at 500°C, exhibited decrements 
of the order of 10~* at strain amplitudes of 10-7. This is 
about one hundred times as great as the decrement pre- 
viously reported by other investigators for single crystals 
of commercial copper. 


* This research was supported in part by the Office of Naval Research. 


O03. Plastic Deformation of Filaments at Constant True 
Strain Rates. RICHARD LATORRE AND WALLER GEORGE, 
Naval Research Laboratory.—A new mechanical device will 
be described for straining metal and plastic filaments at 
coustant true strain rates from 10-5 to 1 per second. The 
force resisting such plastic deformation is measured by 
means of a suitable electromechanical pick-up and re- 
corded on a high speed photoelectric recorder. Typical 
load vs. time curves will be presented for common metal 
and plastic wires. Rupture load measurements for small 
sample groups appear to yield average deviations from the 
mean of about +4 percent. Data obtained at constant 
temperature and relative humidity for monofilaments of 
Type 300 high strength Nylon for an almost ten-thousand 
fold range of straining speeds indicates that the rupture 
strength of this material increases more rapidly with in- 
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creasing strain rate than the strength of a steel over a 
comparable straining speed range as obtained by Zener,! 
using a different method. Further, the Nylon data indicate 
changes in the mode of variation of strength with strain 
rate which is a function of the relative humidity. For high 
humidity the strength increases more slowly, while for low 
humidity it increases more rapidly with straining speed. 


1C. Zener and J. H. Hollomon, J. App. Phys. 15, 22 (1944) 


O04. The Effect of Stress and Deformation on the Mar- 
tensite Transformation.* ANDREW W. McREyNoLps, Uni- 
versity of Chicago.**—According to current theories, crystal- 
lographic transformations of the martensite type occur by 
a homogeneous lattice shear. Consequently, a mutual in- 
fluence between transformation and shearing stress and 
strain would be expected near the transformation tempera- 
ture. Such effects have been studied in Fe-Ni 71-29 alloy 
which transforms, fcc to bec, beginning. about —30°C (Ms 
point). In accord with prediction, deformation up to 50 
percent induces transformation in amounts increasing with 
deformation. Maximum transformation is nearly 100 per- 
cent at —30°C, but decreases to zero at 50°C (Md point). 
Conversely, during transformation by cooling, plastic 
yield to very low stresses occurs in amounts increasing with 
degree of transformation. Plastic strain stabilizes the metal, 
however, against subsequent transformation by cooling. 
Contrary to expectation, as temperature decreases to the 
transformation point: (a) Young’s modulus and rigidity 
modulus, measured statically and dynamically, remain 
constant through the transformation range. (b) Elastic 
limit increases then drops discontinuously at the Ms 
point, (c) The Ms temperature is independent of applied 
elastic stresses. These results are inconsistent with hy- 
potheses that transformation occurs by homogeneous shear 
and represents an alternative mechanism of plastic yield, 
since such hypotheses would predict decreasing elastic 
moduli and elastic limits preceding instability at the trans- 
formation temperature. 


* Supported in part by the Office of Naval Research. 
pr — Na Brookhaven National Laboratory, Upton, Long Island, 
New York. 


O5. Ultrasonic Velocity of Longitudinal and Transverse 
Waves in Metallic Beryllium at Low Temperatures.* 
W. C. Overton, R. H. Pry, R. W. Scumitt, AND C. F. 
Squire, Rice Institute—Ultrasonic waves at 10 mega- 
cycles per second have been pulsed, by means of quartz 
crystal transducers and familiar radar circuits, through 
solid beryllium metal from room temperature down to 
temperatures available with liquid helium. The sound 
pulse was reflected from the opposite face of the metal, 
and the return echos recorded with an AR-256*D oscillo- 
scope (DuMont) so that velocity could be determined 
directly. The longitudinal waves have a velocity of about 
12.5108 meters per second at room temperature, and the 
velocity increases very slightly with lower temperatures. 
No deviation of velocity was detected in the region of the 
anomalous specific heat hump at 12°K. The transverse 
waves have a slower velocity of about 8.8 X 10* meters per 
second at room temperature, and the velocity increases 
slightly at lower temperatures. From the velocity data, 
and using the density of beryllium as 1.82 grams per 
cm!, the adiabatic compressibility is 1.03 10-" cm? per 
dyne, and the shear modulus is 1.43 X 10" dynes per cm? at 
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temperature 273°K. Interference effects were observed 
in the multiple echo pattern. Results from echo ranging in 
pure metallic tin at very low temperatures will be dis- 
cussed. 


* This work was supported in part by a Navy contract. 


O06. Electrical Properties of Highly Purified Tellurium.* 
Vircit E. Botrom, Purdue University—By the use of 
multiple fractional distillation, tellurium of a purity higher 
than that hitherto reported has been prepared. The most 
nearly pure material thus far obtained has a Hall constant 
of +5000 and a resistivity of 5-ohm cm in the impurity 
range. The sign of the Hall constant is negative between 
the temperatures of +230°C and —40°C; outside of this 
range the sign is positive. In material of this degree of 
purity, the intrinsic range extends well below room tem- 
perature, and direct measurement of the intrinsic re- 
sistivity at 300°K gives about 0.6-ohm cm as measured 
on polycrystalline ingots. Single crystals have been pre- 
pared by the technique of Schmid and Wasserman.! In 
approximate agreement with their results, the resistivity 
is found to be greater in the direction perpendicular to the 
principal crystallographic axis than in the parallel direc- 
tion. The ratio p,/p,, is found to be 1.9+0.1. The Hall 
coefficient is not found to depend upon the direction of the 
current or magnetic field with respect to the crystallo- 
graphic axis, in contrast with the results of Van Everdingen? 
on bismuth. When the degree of purity exceeds a certain 
minimum, double reversal of the sign of the Hall coefficient 
is observed. One reversal always occurs at a temperature 
of 230°C, while the temperature at which the other re- 
versal occurs is lower and depends upon the impurity 
content. 


* This work was assisted by a Signal Corps contract. 

1Schmid and Wasserman, Zeits. f. Physik 46, 653 (1927). 

2 E. Van Everdingen, Jr., Comm. from the Phys. Lab. of the Univ. 
of Leiden 6, 61-72, Supplement 2, 1900-01, pp. 3-8. 


O7. The Temperature Coefficient of Resistance of 
Sintered Semiconductors.* HENRY H. HAusNER, Sylvania 
Electric Products, Inc. and New York University.—Semi- 
conductors are generally characterized by their negative 
temperature coefficient of resistance. Sintered semicon- 
ductors consist of conducting and semiconducting or in- 
sulating components, and their temperature coefficients of 
resistance do not necessarily decrease with increasing 
temperature. Tests have shown that certain sintered mix- 
tures of conducting and semiconducting components can 
be developed, the resistivities of which do not change at 
all with the temperature; other mixtures of this type are 
characterized by a positive temperature coefficient of re- 
sistance. Sintered materials are to be regarded as elec- 
trical networks, and the resistances between the particles 
are as important as the particle resistances themselves.! 
The temperature coefficient of these sintered materials 
depends, therefore, on the components, but also on the 
bond between the components. It is shown that the re- 
duction of semiconducting oxides by metallic components 
affects widely the electrical properties. The degree of 
sintering determines not only the resistance but also the 
temperature coefficient of resistance. 

* This work was done under contract with the Mead Department, 
Squier Signal Laboratories, Fort Monmouth, New 


Jer 
1 Henry H. Hausner, “Sintered semiconductors,” A (Janu- 
ary 1948), 
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O8. The Effect of Surface States on the Temperature 
Variation of the Work Function of Semiconductors.* 
JorpaN J. Marxnam,** University of Pennsylvania.— 
The effect of surface states on the temperature variation of 
the work function of semiconductors is considered. First, 
the variation of the electrochemical potential is given on 
the basis of an equation due to Fowler. An attempt is 
made to show at what temperature a semiconductor be- 
comes intrinsic. Secondly, the temperature variation of the 
work function is considered for various densities of surface 
states and number of donator (or acceptor) levels. To carry 
this calculation through, a new expression, which is 
temperature dependent, is suggested for the number of 
electrons in the surface states. By using appropriate 
values obtained from experiments, one is able to explain 
Smith and Miller’s! results. 
* Assisted by the Navy. 


** Now at Brown Universi 
1A. H. Smith and P. H. Miller, Jr., Phys. Rev. 73, 1256 (1948). 


O9. Electrical Properties of Cuprous Oxide Rectifier 
Cells Below Room Temperature. STEPHEN J. ANGELLO, 
Westinghouse Research Laboratories—Measurements of 
boundary layer capacitance and resistance have been car- 
ried out upon cuprous oxide rectifiers in the temperature 
range 35° to — 165°C. The purpose of these measurements 
was to test critically W. Schottky’s! formula for the con- 
tact resistance at zero applied voltage. This formula pre- 
dicts that the resistance in question increases exponen- 
tially with decreasing temperature. Some rectifier cells 
exhibit this behavior in the approximate range 35° to 
—10°C. In these cases it has been found possible to com- 
pute the contact resistance, and to obtain good agreement 
with measured values. In other cases (differences caused by 
different quench temperatures) deviation below the ex- 
ponential relation occurs at temperatures above 25°C. 
Evidence will be presented to support the assertion that 
deviation from the exponential law is caused by a limiting 
boundary electron density of about 2X10*/cm'%, below 
which the copper-cuprous oxide boundary cannot be de- 
pleted. The boundary layer thickness has been determined 
as a function of temperature from capacitance data. A 
rapid increase occurs below —100°C. This, coupled with a 
comparison between mean free path and boundary thick- 
ness, indicates that diffusion theory is not applicable 
below this temperature. 


1W. Schottky, Zeits. f. Physik 118, 539 (1942). 

010. The Viscosity of Mixtures of He; and He. 
H. WERGELAND AND D. TER Haar, Purdue University.— 
The fact that Hes atoms obey Fermi-Dirac statistics will 
have important consequences. Even if He; should show a 
\-transition, it would not be superfluid: the kinetic vis- 
cosity! will not decrease appreciably with temperature, 
even if the dynamic viscosity! would be zero. The high 
value of the kinetic viscosity is due to the high average 
momentum of the He; atoms in the Fermi sea. It is possible 
to estimate the value of this viscosity due to this Fermi 
momentum, and the viscosity turns out to be much larger 
than the viscosity of the He, liquid. In this rough way, 
one can evaluate the change of viscosity due to an admix- 
ture of Hes in Hey. The resulting increase of the viscosity 
of the liquid is given in the following table; this increase is 
in first approximation proportional to the concentration 








of Hes: 
T: 1.6°K 2.0°K 2.1°K 2.2°K 3°K 
1% Hes 44% 10% 5.3% 0.5% 0.3% 


1L. Tisza, Phys. Rev. 72, 838 (1947). 


O11. On the Thermodynamics of the Fountain Effect 
in Liquid Helium II.* R. J. Harrison, Research Labora- 
tory of Electronics, M.I.T., Cambridge 39, Massachusetts.— 
S. R. de Groot! has criticized the thermodynamic deriva- 
tion? of the equation governing the thermomechanical 
effect in He II, on the grounds that irreversible effects 
have been disregarded. It may be shown, however, that the 
usual equation can be rigorously derived thermodynami- 
cally by adopting the method used by Boltzmann? in 
attempting to justify the Kelvin equations for thermo- 
electricity. Although the inequality Boltzmann derived 
was not strong enough for his purpose, the same inequality 
applied in a suitable manner to He I is sufficient to justify 
the “fountain effect’’ equation. Although de Groot’s ob- 
jections to the thermodynamic derivation would thus 
seem to have been answered, we have examined in some 
detail his use of Onsager’s reciprocal relations as applied 
to phenomena in liquid helium. We have obtained explicit 
expressions for the values of the kinetic coefficients on the 
basis of the two fluid model. It has been found that irre- 
versible effects are negligible within the range of validity 
of the assumptions underlying the Onsager relations. 

* This work has been supported in part by the Signal Corps, the Air 
Materiel Command, and O.N.R. 

1S, R. de Groot, Physica 13, 555 (1947). 


2H. London, Proc. Roy. Soc. A171, 484 (1939). 
3L. Boltzmann, Ber. Wien. Akad. 96, II, 1258 (1887). 


O12. The General Electric Low Temperature Labora- 
tory. Part I. The Building and General Facilities. M. D. 
FIsKE, W. BESorso, F. H. Horn, AND J. F. YOUNGBLOoD, 
General Electric Research Laboratory.—A new laboratory 
has been constructed for studies at very low temperatures 
as a part of the new facilities of the Research Laboratory 
at The Knolls, near Schenectady. A separate building 
houses laboratory space, a small shop, liquefaction plants 
of the regenerative Joule-Thomson type for both hydrogen 
and helium, and motor-generator sets for supplying direct 
current for magnetic work. The building, which is 71 feet 
by 62 feet over-all, contains 3320 square feet of floor space 
divided principally among two laboratories, compressor, 
liquefier, and motor-generator rooms and shop on the 
ground level. Separate space for gas holders, heating and 
ventilating equipment, and storage is provided on a 
mezzanine floor above the central corridor and shop. The 
extensive use of hydrogen dictated many of the features 
of the building. Electric equipment in liquefier, compressor, 
and gas holder rooms is explosion-proof. Ten air changes 
per hour are provided throughout the building. Interior 
walls are either reinforced concrete or heavy steel paneling, 
while 80 percent of the exterior walls is explosion-venting 
window area. Complete gas and electrical service, water, 
and drain are provided at all benches in the two labora- 
tories. Photographs and drawings of the laboratory will 
be shown. 


013. The General Electric Low Temperature Labora- 
tory. Part II. Liquefaction Cycles for Hydrogen and Helium. 
F. H. Horn, W, DESorgo, M. D, FisKE, AND J. F. Youna- 
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BLOOD, General Electric Research Laboratory.—The lique- 
faction cycles for hydrogen and helium, as installed in the 
Low Temperature Laboratory, will be briefly described. 
Both liquefiers employ the principle of regenerative Joule- 
Thomson cooling. The hydrogen liquefier has a design 
capacity of 25 liters per hour; the helium liquefier has a 
design capacity of 8 liters per hour. Designs have been 
based on liquefiers of these capacities in operation at other 
laboratories. The attention paid to safety and to simplicity 
of repair and operation in design, construction, and layout 
of the liquefiers and auxiliary equipment will be indicated. 


O14. The General Electric Low Temperature Labora- 
tory. Part III. d.c. Power Facilities. J. F. YouNGsBLoop, 
W. DeESorso, M. D. Fiske, AND F. H. Horn, General 
Electric Research Laboratory—In this new laboratory 
facilities have been included for supplying d.c. power to 
moderate size electromagnets. Two motor-generator sets, 
along with the primary control panel and the excitation 
equipment, are housed in a special room of the Laboratory. 
One set delivers 85 kw at 225 volts, the other 115 kw at 
225 volts. They can be used separately or in parallel. A 
portable control panel makes possible the complete remote 
operation and control of the power sources at any location 
of experimental work. The electromagnets, in process of 
design, and the cooling system for them will be briefly 
discussed. 


Miscellany in Electron Physics 


PA1. Characteristics of Bridges between Electric Con- 
tacts. G. F. Hut, Jr., M. H. CoHEN AND R. W. TERHUNE, 
Dartmouth College.*—Current-voltage characteristics of 
metallic bridges between Pt, Au, Pd, and Ir contacts have 
been obtained for bridges of the order of 10-* cm in length 
and diameter, and these current-voltage characteristics 
are found to be nearly hyperbolic. Photomicrographs of 
the bridges show variation in bridge dimensions with 
bridge voltage E, which, when taken into account along 
with the absolute maximum temperature of the bridge 
Tmax = 3200 E given by contact theory, qualitatively ac- 
counts for the current-voltage characteristic. To check the 
above temperature equation, a micro-optical pyrometer 
was used, and this equation was found to hold within 
several percent. 

Cathode-ray oscillograms of the voltage across separat- 
ing contacts have been obtained for twenty different 
metals ranging from Sn to W. These oscillograms show a 
rise in voltage first to the melting point of the metal and a 
second rise to the boiling point. For ten of the metals 
investigated, the voltages at the melting and boiling points 
agree within a few percent with those predicted theo- 
retically, while for the other ten, the discrepancy between 
theory and experiment is large. 


* Assisted by the Office of Naval Research. 


PA2. Theory and Application of the Variable Voltage 
Probe for Exploration of the Ionosphere.* A. REIFMAN 
AND W. G. Dow, University of Michigan.—A tiew method 
of studying the ionosphere has been developed which con- 
sists of using an isolated two-electrode system as an 
“ionosphere probe” on a high altitude rocket. By applying 
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a periodic sawtooth voltage to the electrodes and recording 
the resulting current, a series of volt-ampere characteristics 
are obtained for a wide range of altitudes in the iono- 
sphere. A theory is established which predicts the form of 
such a characteristic in terms of the geometry of the col- 
lector, electron and ion energy distribution, electron and 
ion temperature, and concentration and relative rocket 
velocity. The method of interpreting the volt-ampere 
characteristic is discussed, and it is shown how the de- 
pendent variables can be evaluated. A few probe experi- 
ments were made on some V-2 firings but considerable 
difficulty was encountered in obtaining accurate data 
therefrom. However, a number of rough experimental re- 
sults were obtained and showed good agreement with the 
calculated characteristic for a model ionosphere. The corre- 
lation between theory and experiment is to be considered 
tenative until more accurate results are obtained from 
near future experiments. 


* This work was supported by the Air Materiel Command. 


PA3. A Wide Range Capacitance-Conductance Bridge. 
Rosert H. CoLE AND PAuL M. Gross, JR., Brown Uni- 
versity.—The bridge to be described has been developed for 
reasonably accurate measurement by direct balance in 
the frequency range 50 c/sec. to 5 mc/sec., and over most 
of this range is essentially direct reading in capacitance 
and conductance with negligible unbalance from lead ef- 
fects, guard circuits, and other residuals. The properties 
are realized by two circuits developed from designs by 
Young* and others. The first employs inductively coupled 
ratio arms to minimize effects of guard circuits and re- 
siduals; the second is a ‘‘conductance shifter’’ wye network 
with good high frequency properties and an essentially 
linear scale of conductance reading. Design considerations 
and limitations in use of these circuits are discussed, as 
are suitable test cells and results obtained. 


*C. H. Young, Bell Lab. Record 24, 433 (1946). 


PA4. Activation Phenomena of Thoria Cathodes.* O. A. 
WEINREICH (Introduced by W. E. Danforth), Bartol 
Research Foundation.—Activation procedures include (a) 
flashing to high temperatures (up to 2500°C), (b) bom- 
bardment with a reverse electron current from a neigh- 
boring filament, (c) adsorption of vapor from a nearby 
active thoria cathode. The highest d.c. emission value ob- 
tainable seems to be about the same for all three methods 
and is approximately 1 amp./cm? at 1350°C Br. Numerical 
data regarding the three types of activation are included. 
It is shown that with reverse electron current the activa- 
tion level will rise to a maximum and then decrease. 
Highly activated thoria cathodes are unstable. Deacti- 
vation is caused by residual gas and/or flow of emission 
current in the normal direction. Experiments are de- 
scribed in which different residual gases are used. Evapora- 
tion products from a nearby active thoria cathode were 
mentioned above as a source of activating material but 
will, however, cause deactivation if the cathode upon 
which they fall is at room temperature. The general pat- 
tern of activation phenomena with thoria in this tempera- 
ture region suggests mechanisms similar to those proposed 
for BaO/SrO cathodes. 


* Sponsored by U. S. Navy, Bureau of Ships, Contract NObs-34141. 
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PAS. Barium Fluoride as a Cold Cathode in an Argon 
Glow Discharge. HAROLD JAcoss, ARMAND P, LARocQugE, 
AND ALFRED MAzze1.—Additional work has been under- 
taken in relation to various barium compounds in glow 
discharge tubes. The barium fluoride cathode surfaces as 
well as other ionic compounds are shown to exhibit greater 
stability than the surfaces activated by evaporating barium 
metal on nickel electrodes. Some evidence is shown which 
indicates that during the bombardment of the cathode 
surfaces by positive ions, free barium has greater affinity 
for the barium fluoride surface than for the metallic sur- 
face. This may be the cause of greater stability of the 
barium fluoride cathode. 

A series of voltage regulator tubes is proposed in which 
the cathodes are made of various fluoride compounds 
with the metallic element being varied and having the 
regulation voltage different for each fluoride, depending on 
the metallic constituent of the ionic crystal forming the 
cathode surface.* 


* This work was undertaken in association with the Applied Physics 
Laboratory of the Johns Hopkins University contract sponsored by the 
Bureau of Ordnance, U. S. Navy. 


PA6. Micro Analysis of Gas in Cathode Coating As- 
semblies. BERNARD WOLK AND HAROLD Jacoss. A study 
of gases evolved from oxide coated cathode assemblies 
was made during degassing and activation conditions. It 
was found, first, that the gases evolved from uncoated 
nickel cathode sleeves were qualitatively and quantitatively 
practically independent of the three different cleaning 
methods of factory processing commonly used, and, second, 
that hydrogen-fired cathodes liberated slightly larger 
quantities of hydrogen when heated in vacuum. In addi- 
tion, the release of hydrogen from nickel cathodes was not 
instantaneous but was observed to continue even after 
24 hours of continued heating at 900°C Br. When a 
similar analysis was made of gases liberated from nickel 
sleeves coated with alkaline earth carbonates, the evolu- 
tion of hydrogen was reduced considerably, but with a 
corresponding increase of CO indicating the reaction: 
CO2(g) (excess)+H2(g)=H:0(g)+CO(g). The gas condi- 
tion in the tubes during cathode degassing is shown to be 
related to the speed of exhaust. The lower speed of exhaust 
produces a condition leading to the right side of the equa- 
tion, and a high exhaust speed produces conditions tending 
to retard the reaction to the right. 


PA7. Secondary Emission From Barium Oxide as a 
Function of Temperature and Activation. GEoRGE W. HEEs 
AND HAROLD JAcoBs.—Experimental secondary emission 
tubes were prepared in which the dynode consisted of cath- 
ode nickel coated with barium oxide. The secondary emis- 
sion properties of these surfaces were studied in the range of 
100 to 250 v with 50 microamps d.c. primary current. It 
was expected that the exponential temperature dependence 
of secondary emission from these materials would be found 
as pointed out by M. A. Pomerantz! and J. B. Johnson.? 
Instead it was found that only in some of the tubes was there 
any marked temperature dependence and in all of the tubes 
as activation and temperature treatment was increased, there 
appeared to be very little, if any, change in secondary emis- 
sion with temperature. It was found that by the time the 
oxide coated cathode was fully activated as a thermionic 
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emitter that most of the temperature effects disappeared. 
The indications here are that some of the temperature 
dependence pointed out by Pomerantz and Johnson may 
be due to incomplete activation, pulsing techniques, or 
chemical preparation of surfaces. 


1M. A. Pomerantz, Phys. Rev. 70, 33 (1946). 
2 J. B. Johnson, Phys. Rev. 66, 352 (1944); Phys. Rev. 69, 693 (1946); 
Phys. Rev. 69, 702 (1946). 


Fluid Dynamics 


PB1. On the Hydrodynamic Stability of Flame Fronts.! 
HARVEY EINBINDER, Cornell Aeronautical Laboratory.2— 
The hydrodynamic stability of a plane flame front is 
treated by discussing the behavior of a first-order infinites- 
mal disturbance of the main flow, in analogy with the well- 
known stability treatments of laminar parallel flows.’ The 
fundamental differential equations are derived and the 
velocity and pressure perturbations found. A continuous 
main flow velocity distribution is unstable. Landau’s work‘ 
on this problem, employing a discontinuous velocity dis- 
tribution is discussed. It is shown that thermal processes 
must be included. To this end, the first-order perturbation 
equations, including thermal as well as hydrodynamical 
processes, are derived as the first step toward the solution 
of the stability problem for a plane flame front. 


1 This work was performed as a part of U. S. Navy Project Squid. 
2 Present address: Pupin Laboratories, Columbia University, New 


York, New York. 
3C. C. Lin, Quart. App. Math. 3, 117, 218 (1945); 3, 277 (1946). 
4L, Landau, Acta Physicochimica U.R.S.S. 19, 77 (1944). 


PB2. Cavity Pressure and Cavitation Number after 
Vertical Water-Entry of a Sphere.* ALBERT May, J. H. 
MCMILLEN, AND J. C. WooDHULL, Naval Ordnance Labora- 
tory.—Using high speed motion pictures, measurements 
were made on cavities produced by the vertical water 
entry of }-, 3-, and 1-inch steel spheres at speeds between 
22 and 131 ft./sec. For open cavities obtained when low 
pressure air is used above the water the cavity-wall 
motion is approximately horizontal, and the maximum 
diameters are roughly those to be expected if the hydro- 
static head alone acted on the water. The reduced pres- 
sures in cavities which close at the water surface are found 
to hinder cavity expansion. Pressures in such cavities 
were found by comparing expansion times in open and 
closed cavities. When a half-inch sphere enters at 50 ft./ 
sec., the average pressure during expansion is 4.5 to 7 
percent below atmospheric for various atmospheric pres- 
sures. At 40 ft./sec. the drop is 25 percent less. The cavita- 
tion number is found to be 0.09 for a half-inch sphere en- 
tering from ordinary air at 50 ft./sec. 


* Investigation sponsored by the Office of Naval Research. 


PB3. Depolymerization by Ultrasonic Irradiation: The 
Role of Cavitation. ALFRED WEISSLER, Naval Research 
Laboratory.—Contrary to current belief,'? cavitation is 
necessary for the depolymerizing effect of ultrasonic waves. 
This was demonstrated by irradiating two portions of a 
one percent polystyrene’ solution in toluene for equal times 
with equal intensity. The first portion was given no special 
prior treatment, showed many cavitation bubbles during 
irradiation, and decreased in molecular weight to about 
one-tenth of the initial value. The second portion was 
thoroughly degassed first by boiling under vacuum, 


showed no cavitation bubbles during irradiation, and un- 
derwent no change in molecular weight. Oxidants known 
to be produced by irradiation of solutions containing dis- 
solved oxygen or nitrogen cannot be responsible for the 
degradation, because substantially the same amount of 
depolymerization occurs even when helium is the only gas 
present. Molecular weights were measured by means of 
the intrinsic viscosity. Similar experiments with solutions 
of hydroxyethyl cellulose in water showed that, for this 
system also, cavitation is necessary for depolymerization. 
The opposite conclusion of earlier investigators! is at- 
tributed to their _ inadequate method for eliminating 
cavitation. 


: ig and Rommel, Zeits. f. physik. tg 185A, 130 (1939). 
Mark, J. Acoust. Soc. Am. 16 183 (1945). 
The polystyrene sample, together with molecular weight and 
related data, was obtained through the kindness of Dr. S. G. Weissberg 
of the National Bureau of Standards. 


PB4. Gas Bubbles as Cavitation Nuclei.* F. G. BLAKE, 
Jr., Harvard University Cavitation in the body of a 
liquid at points well removed from the vessel walls has 
been obtained by means of intense converging sound 
beams.! Measurements of the cavitation threshold sound 
pressure P, (atmospheres, peak) have yielded the empirical 
formula P.=0.07(T,—T)+1. T is the temperature (centi- 
grade) and 7, is the boiling point corresponding to the 
mean or hydrostatic pressure. The numerical constants 
are for conventionally ‘‘de-aerated” water. The “intrinsic 
pressure’ of van der Waals law and thermal fluctuation 
nuclei both fail to explain the measurements by a wide 
margin. An interpretation consistent with these results 
and those of others is afforded by an assumption of stabil- 
ized submicroscopic gaseous nuclei, whose size varies with 
the hydrostatic pressure and dissolved gas content. Stabili- 
zation is apparently effected by Griffith-Joffé cracks in 
boundary walls or suspended dust particles. 


* This work was supported in part by the Office of Naval Research. 
1F. G. Blake, Jr., J. Acoust. Soc. Am. 20, 223(A) and 590(A) (1948). 


PB5. A Physical Optic Analysis of the Schliererf Method. 
H. JEROME SHAFER, Princeton University.—The conven- 
tional methods of analysis of the schlieren method lead to 
incomplete results regarding the relationship between the 
object under study and the observed image. In the present 
analysis the schlieren system is treated as a problem in 
diffraction along the lines of Linfoot.* The diffraction pat- 
tern in the focal plane of the objective, caused by the ob- 
ject under investigation, is calculated from Kirchoff’s 
diffraction formulation. Calculated images for several 
simple objects are shown when the diffraction pattern is 
modified by the conventional knife edge, phase contrast, 
and dark field illumination. This analysis accounts for the 
halo surrounding images of opaque objects in schlieren’ 
systems. It also indicates that the sensitivity of a conven- 
tional ‘schlieren system is independent of the focal length 
of the optics used for point source illumination. For light 
sources of finite size the sensitivity is determined by the 
relative sizes of the image of the source and of the Airy 
disk. The expressions for light intensity in the image plane 
are too complex to allow for quantitative evaluation of 


photographs. 
* E. H. Linfoot, Proc. Roy. Soc. 186, 72 (1946). 
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PB6. Influence of the Length of Wires on the Measure- 
ment of Turbulence with a Hot-Wire Anemometer. F. N. 
FRENKIEL, Naval Ordnance Laboratory.—The influence of 
the length of the wires on the measurements in a turbulent 
flow with a compensated hot-wire anemometer are con- 
sidered. Correction factors by which the measured char- 
acteristics of turbulence should be multiplied to give the 
correct values are computed. The urgence of an accurate 
evaluation of these factors is emphasized, as it appears 


that inaccurate experimental data might lead to unwar-° 


ranted theoretical conclusions. For some particular cases 
the influence of the length of the wire is.found numerically. 
The case of wires of small but non-negligible lengths (com- 
pared to the microscale of turbulence) is also considered. 
The correction factors for the measured intensities of 
turbulence, correlation coefficients, scale and microscale 
of turbulence, etc., are then found. 


PB7. Analytical Studies of the Mach-Zehnder Inter- 
ferometer. ErNst H. WINKLER, Naval Ordnance Labora- 
tory.—There are two current difficulties encountered in the 
use of the Mach-Zehnder interferometer. (1) The light 
intensity of available light sources which are sufficiently 
monochromatic is too low for the study of transient phe- 
nomena. (2) The field of view is too small. Since the light 
intensity of sufficient monochromatic light sources is re- 
stricted, the only way to solve the problem is to utilize 
the maximum possible light source extension. Though the 
field is not large enough, an increase in the field of view 
introduces restrictions in the size of the light source as a 
result of the increase in glass plate thickness, and to the 
effects of imperfections, and misalignments of the glass 
plates. Analytical studies have been made of the geometry 
of the arrangement, the position of the sharpest interfer- 
ence plane, the region of sufficiently sharp fringes, and the 
maximum extension of the light source. They are functions 
of the fringe number, fringe direction, the angle of in- 
cidence of the light rays, and the arrangements of the 
mirrors. The effects of the imperfections and misalignments 
of the glass plates have been investigated and possibilities 
of compensation of these effects considered. From this it 
follows that certain conditions haye to be met to assure 
the reliability of the data obtained from fringe displace- 
ments. 


PCl1. Relationship between Gough-Joule Coefficients 
and Moduli of Vulcanized Rubbers. F. S. Conant, G. L. 
HALL, AND G. R. THURMAN, Firestone Tire and Rubber 
Company.—The Gough-Joule coefficients (a) at constant 
stress and (b) at constant strain are defined, and methods 
of measurement of each on vulcanized rubbers are given. 
It is shown mathematically and experimentally that the 
ratio of (b) to (a) is equal to the “tangent” modulus. The 
quotient of the Gough-Joule coefficient at constant stress 
divided by the stress and the quotient of the Gough-Joule 
coefficient at constant strain divided by the strain are 
shown to be constants which are independent of the stress- 
strain-temperature conditions of the test. Experimental 
data are given for stocks based on Hevea, GR-S, Neoprene 
GN, Butyl rubber, and Butaprene. 


PC2. Polymerization in the Solid State. E. MILLER, 
I. FANKUCHEN, AND H. Mark, Polytechnic Institute of 
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Brooklyn.—Some substances can apparently polymerize 
while in the solid state. One such material has been studied 
in this laboratory in some detail. The melting point of 
e-carbobenzoxy-a-carboxyl-i-lysine anyhdride stored in 
stoppered vials at room temperature for periods up to 
one year has been observed to rise considerably above that 
of the freshly prepared sample (m.p. 101°). Comparison of 
x-ray diffraction diagrams of fresh monomer, aged mono- 
mer, and bulk polymer indicate that the aged monomer 
samples suffered disorientation with distinct changes in 
the Bragg reflections, and the diagrams of the aged speci- 
mens appear to be similar to diagrams given by bulk 
polymer. Samples of freshly prepared monomer were 
heat-treated in the solid state at different temperatures 
below the melting point for periods up to one week. X-ray 
studies of these samples suggest that the threshold tem- 
perature for the disorientation process is about 70°C. The 
process appears to be complete in samples heat-treated at 
85°C, since their x-ray diagrams resemble those of bulk 
polymer, and no further change is observed at higher 
temperatures. 


PC3. Relations between the problems of rubber 
elasticity, phase-change, and ferromagnetism. E. GuTH, 
Notre Dame University AND H. M. JAmEs, Purdue 
University. 


PC4. Time and Stress Effects in the Behavior of Rubber 
at Low Temperature. J. R. BEatty AND J. M. DAVIEs, 
B. F. Goodrich Research Center.—The stiffening of rubber- 
like materials at low temperature involves several different 
phenomena, sometimes with their effects superimposed. 
One of these is crystallization. This is a rate process which 
is generally very fast at high stresses and very slow at 
zero stress. In these experiments at temperatures near 
—25°C and under a shear stress of about 148 p.s.i., the 
dynamic modulus of the rubber increased at a rate con- 
venient to study. Correlation with x-ray data showed that 
crystallization was responsible for the increase in stiffness. 
The rate of change of stiffness increased rapidly with in- 
crease in applied stress, and there was no optimum tem- 
perature as has been found for unstressed rubber. The 
amount and kind of vulcanization influenced the stiffening, 
tighter cures giving smaller changes. Neoprene FR and 
polybutadiene, which ordinarily show little evidence of 
crystallization, showed very definite but small increases 
in stiffness. The results with GR-S were less definite, but 
in some cases there were definite changes. Mixing GR-S 
with natural rubber seems to limit the crystallization of the 
natural rubber rather effectively, but apparently Neo- 
prene Fr does not mix intimately enough with natural rub- 
ber to affect the crystallization of the latter appreciably. 


PCS. The Compatibility, Efficiency, and Permanence of 
Plasticizers. R. F. Bover, The Dow Chemical Company.— 
This paper attempts to inter-relate three important aspects 
of plasticizer behavior: compatibility, or how much plasti- 
cizer can be added without causing phase separation; 
efficiency, or how much a given amount of plasticizer lowers 
the brittle temperature; and permanence, or how well a 
plasticizer is retained by the polymer on heat aging or 
solvent treatment. Compatibility is discussed in terms of 
the Flory-Huggins theory of the thermodynamics of 














polymer solutions, which relates the activity of the plas- 
ticizer to its concentration in the polymer. Efficiency is 
measured by how the plasticizer lowers the melt viscosity 
of the polymer. An empirical relationship between effi- 
ciency and yw (the Huggins polymer-solvent interaction 
constant) is shown. Loss of plasticizer at elevated tempera- 
tures depends in part on the effective vapor pressure of 
the plasticizer, and in part on how rapidly diffusion of 
plasticizer from the interior of the sample replenishes that 
lost from the surface. From the fact that diffusion constant 
times viscosity is a constant, it is possible to correlate 
measured diffusion rates with plasticizer content and with 
plasticizer efficiency. A linear relationship is predicted and 
found experimentally between logarithm of the diffusion 
constant and the brittle temperature. In this sense, the 
more efficient a plasticizer is, the more rapidly it can 
diffuse out of the polymer and be lost. 


PC6. Mechanical Properties of Polystyrene Films Cast 
from Solvents. E. MERz, L. NIELSEN, AND R. BUCHDAHL, 
Monsanto Chemical Company.—Using a 2X2 block with 
replication design of experiment, the reproducibility of 
casting polystyrene films from methyl ethyl ketone and 
benzene was investigated. Various drying cycles were 
utilized to reduce the concentration of solvent so that 
there would be no effect on the mechanical properties. 
Tensile strength, creep at elevated temperatures, dynamic 
modulus, and damping capacity measurements were used 
as criteria of dryness. The instrument used to measure the 
dynamic elastic modulus and loss factor is described in 
some detail. The mechanical properties of ‘‘dry’’ benzene 
films differed from the properties of the “‘dry’’ MEK films. 
The change of the dynamic elastic modulus and loss factor 
near the so-called second-order transition point as a func- 
tion of temperature and the effect of very small amounts 
of solvents on this transition region are discussed. 


Cosmic Rays 


Ql. Evidence of Low Energy Gamma-Rays (1-5 Mev) 
from Stopped Negative Mesons.* W. Y. CHANG, Princeton 
University.—Experiments** have been continued on the 
absorption of sea-level mesons by thin Al (0.002-inch), 
Fe (0.028-inch) and Pb (0.018-inch) foils. In each sub- 
stance many pictures have been obtained, in which a par- 
ticle identified as a meson stops at a foil but neither heavy 
charged particle nor decay electron is observed to emerge 
from the end. These stopped mesons are regarded as nega- 
tives, as a roughly equal number of decaying mesons has 
also been obtained from each element. The present re- 
sults lead to the conclusion that no protons are emitted, 
at least in the case of Pb, when a negative u-meson inter- 
acts with a nucleus. In Pb, 7 meson-oriented secondary 
electron tracks (two of them are pairs) have been obtained 
from 7 of the 27 stopped negative mesons. A similar track 
was found for Fe, and none for Al. The energies of these 
electrons are between one and five Mev. The chance that 
a stray secondary electron track may point accidently 
away from or toward the point where the meson disappears 
is estimated to be about 1 in 100. The occurrence fre- 
quency and energy of these electrons give good evidence 
that these meson-associated photons arise (1) outside the 
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nucleus, owing to the meson transition between Bohr or- 
bits as predicted by Wheeler’s theory and (2) within the 
nucleus, caused by nuclear excitation as a consequence of a 
negative meson capture followed by a ‘“‘neutral meson”’ or 
neutrino emission. 

* Assisted by the Joint er aay of the Office of Naval Research and 


the ne Energy Commissio: 
** W. Y. Chang, Phys. Rev. "74, 1236 (1948). 


Q2. On the Range of the Decay Electrons of Cosmic- 
Ray Mesons. J. STEINBERGER, University of Chicago.— 
An experiment has been carried out both at Chicago and 
on Mt. Evans, Colorado, to determine the number of decay 
electrons, as well as the lifetime of the decay process, as 
a function of the thickness of a hydrocarbon absorber 
which the electrons must penetrate. The amount of ma- 
terial with high Z in the path of the electrons (counter 
walls) has been kept small, so that, for the energies in- 
volved, ionization is the chief means of energy loss. The 
resolution of the apparatus for the determination of energy 
has been calculated, taking the geometry, radiation, and 
scattering into account. About 8000 counts were obtained. 
The results indicate that the spectrum is either continuous 
from 0 to about 55 Mev, or consists of three or more dis- 
crete energies. The latter seems somewhat improbable, 
especially because no variation of lifetime with absorber 
thickness is observed. If one then assumes that the spec- 
trum is continuous, it is possible to calculate its shape 
roughly. This will be presented. The average energy can 
be computed with greater accuracy and is ~32 Mev. The 
lifetime is observed to be 2.16--0.08 sec.! 


1 This agrees with the value of Rossi and Nereson, Phys. Rev. 62, 
417 (1942). 


Q3. The Disintegration of Mesons.* R. W. THompson, ** 
Massachusetts Institute of Technology.—The cloud-chamber 
experiment previously reported has been continued at 
Echo Lake, Colorado. A total of 14 measurable photo- 
graphs, inclusive of sea-level results, has been obtained. 
Of these, one disintegration track indicates a momentum 
of 18 Mev/c, eleven show momenta between 36 and 48 
Mev/c, and two show momenta of 53 and 61 Mev/c, 
respectively. The mean momentum is 42 Mev/c. Under the 
assumption that the disintegration particle is an electron 
and has a unique momentum of 42 Mev/c, the probability 
that one out of 14 electrons radiates more than half its 
energy in emerging from the absorber is about 4. Although 
it is difficult to estimate the reliability of statistical argu- 
ments based on so few events, it should be noted that, 
according to Birge’s criterion, the 14 observations are 
consistent with a unique momentum of 42 Mev/c. Con- 
versely, under the assumption of a spectrum of momenta 
given by the statistical factor for the disintegration 
u->e+2» and the assumption that the apparatus dis- 
criminates completely against momenta less than 25 
Mev/c, the probability of obtaining 11 out of 14 observa- 
tions which are grouped in the stated range is estimated 
to be small. 





* This work was supported in part by the Office of Naval Research. 
** Present address: Indiana University, Bloomington, Indiana. 


Q4. Nature of the Primary Cosmic Radiation as Re- 
vealed by Transition Effects in Lead and within the 
Atmosphere.* J. A. VAN ALLEN, L. W. FRASER, AND R. S. 
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OsTRANDER, Applied Physics Laboratory, Johns Hopkins 
University—By means of equipment carried in rockets, 
through and above the atmosphere, data have been ob- 
tained (a) on transition effects produced by the primary 
cosmic radiation above the atmosphere in thicknesses of 
lead up to 275 g/cm?, and (b) on the rate of production of 
multiple particle events in various thicknesses of lead as a 
function of atmospheric depth throughout the atmosphere. 
The transition data of (a), taken as a whole, cannot 
reasonably be attributed to electrons or gamma-rays; in 
particular, an upper limit of the combined flux of electrons 
and gamma-rays of energy exceeding 5X10° ev can be 
placed as not to exceed five percent of the primary flux. 
Three general hypotheses as to the nature of heavy par- 
ticle reactions in lead will be discussed. The data of (b) 
show that the rate of multiple particle events under large 
thicknesses of lead increases monotonically with decreasing 
atmospheric depth throughout the atmosphere and can 
be satisfactorily described by a Gross transformation with 
u=(200 g/cm?)-!. The rate of multiple particle events 
under small thicknesses of lead passes through a mild 
maximum at about 50 g/cm? atmospheric depth. 


* Supported by Navy Bureau of Ordnance. 


Q5. Heavily Ionizing Radiation at a 4300-Meter Alti- 
tude.* FRANK L. HEREFORD, Bartol Research Foundation.— 
The effective counting efficiency of a single low pressure 
Geiger counter (4 cm Hg of hydrogen) for the ionizing 
cosmic radiation penetrating various thicknesses of lead 
has been measured at a 4300-meter altitude. For thick- 
nesses exceeding 100 g/cm? electrons are excluded, and 
from existing experimental results it is possible to deter- 
mine the counting efficiency expected for mesotrons alone 
at that altitude. The observed excess in efficiency can then 
be interpreted as due to an N component which is more 
heavily ionizing than either u- or x-mesotrons, viz., protons 
and heavier nuclear particles. Assuming that only protons 
are present in this NV component, their intensity relative 
to the total ionizing component penetrating various thick- 
nesses of lead can be computed. On this basis the data 
indicate, for example, that 17+5 percent of the hard com- 
ponent (radiation penetrating 167 g/cm?) consists of pro- 
tons. The data also yield a rough absorption curve for 
this N component which can be fitted by e~*/4 with L = 260 
+50 g/cm*. The close agreement with Bridge’s' value of 
280+50 g/cm? for the radiation producing bursts under 
large thicknesses of lead at 4300 meters supports the view 
that the ‘‘burst primaries’’ are protons. 


* Assisted by the Joint Program of the Office of Naval Research and 
the Atomic Energy Commission. Field trip sponsored. by National 


Geographic Society. 
1 Unpublished results; see B. Rossi, Rev. Mod. Phys. 12, 562 (1948). 


Q6. The Detection of Heavy Particles in the Primary 
Cosmic Radiation.* MARTIN A. POMERANTZ AND FRANK L. 
HEREFORD, Bartol Research Foundation.—Utilizing a new 
technique which renders feasible. the selective detection 
of the charged components of cosmic radiation at very 
high altitudes, evidence has been obtained for the existence 
of heavy nuclei among the primaries, and a means has 
been afforded ultimately for resolving the various com- 
ponents throughout the atmosphere. The method employs 
G-M counters filled under conditions exploiting the de- 
pendence of the probability of discharge upon specific 
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ionization.! The combination of such counters into a co- 
incidence train and the establishment of a minimum range 
through interposed absorber result in a device capable of 
discriminating violently among different types of particle. 
Heavy particles were first detected during a free balloon 
ascent on July 11, 1947. Events ascribable to primaries 
of Z>2 were observed at altitudes exceeding 15 mm of Hg. 
More than 10 flights with telescopes having various char- 
acteristics and containing different absorbers have been 
conducted subsequently. Recent experiments have con- 
firmed the original evidence for the presence of heavy 
particles, now well established,? and have revealed that 
the events observed here are not attributable to stars, 
bursts, air showers, etc. 


* Assisted by the Joint Program of the Office of Naval Research and 
the Atomic Energy Commission. 

1W. E. Danforth and W. E. Ramsey, Phys. Rev. 49, 854 Gees. 

?P. Freier, E. J. Lofgren, E. P. Ney, F. Oppenheimer, H. L. Bradt, 
and B. Peters, Phys. Rev. 74, 213 (1948). 


Q7. Directional Intensity of Cosmic Rays at High 
Altitudes.* I. Instrumentation. W. G. Srroup, J. R. 
WINCKLER, AND J. SCHENCK, Princeton University.—In 
conjunction with a proposed study of the directional in- 
tensities of cosmic rays at high altitudes as a function of 
latitude, we have carried out a series of preliminary meas- 
urements.** The equipment was carried aloft by a balloon 
and remained at an altitude approaching 100,000 feet for 
5 to 10 hours. The 15-channel frequency-modulated tele- 
metering scheme will be discussed with respect to ad- 
vantages and disadvantages. Some details of the counter 
geometry and other end instruments will be given. Shower 
protection was provided, and the results indicate few 
showers at high altitudes. The equipment was housed in 
a black-silver Cellophane greenhouse and complete with 
batteries for 12-hour operation weighed 75 pounds. Flights 
were made from Princeton, in Minnesota, and from aborad 
a ship at sea using various balloon structures. The type of 
data obtained by the equipment will be shown. 


* Assisted by the Joint Program of the Atomic Energy Commission 
and the Office of Naval Research. 
** See also Winckler, Stroud, and Schenck, Phys. Rev. 74, 837 (1948). 


Q8. Directional Intensity of Cosmic Rays at High Alti- 
tudes.* II. Interpretation. J. R. WINCKLER AND W. G. 
Stroup, Princeton University—For analytical purposes 
the intensities observed at each zenith angle with various 
lead filters (see previous paper) have been plotted with the 
pressure height on a logarithmic scale. On this basis a shift 
of the pressure axes brings most of the zenith angle data 
with similar filters into agreement. The simplest explana- 
tion for this is the effect of the extra air path seen at low 
zenith angles, which is expressed by the relation I(P,@) 
=I(P sec#,0), where P is the atmospheric pressure and 0 
the zenith angle. The constant obtained by shifting the 
pressure axes agrees reasonably well with sec@. A difference 
in curvature of the “hard’’ curves at 0° and 673°, even 
when plotted as described, can be explained by meson 
decay, and an order-of-magnitude calculation gives 10-6 
sec. for the mean life. The influence of the angular spread 
of secondary particles on the results of these experiments 
will be discussed in the light of a simple analysis. Direct 
evidence that the spread for the particles measured is not 
large is obtained from the low intensities observed at 
6=90° at all pressures. The distribution of intensities in 
zenith and azimuth at the highest altitudes reached in 
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these experiments agrees with the assumption of a nearly 
isotropic primary flux at geomagnetic latitude 56°N. 


* Assisted by the Joint Program of the Atomic Energy Commission 
and the Office of Naval Research. 


Q9. The Latitude Effect at High Latitudes and High 
Altitudes.* W. F. G. Swann, PETER A. Morris, AND 
Davip Seymour, Bartol Research Foundation.—Flights 
covering 141 hours have been made at 25,000 feet and 
30,000 feet with the object of investigating the latitude 
effect in the vicinity of and above the knee of the curve. 
At 30,000 feet the curve continues to rise beyond the knee, 
affording a 10 percent increase for 10° increase of mag- 
netic latitude. There is a statistical uncertainty of +2.5 
percent and some uncertainty depending upon general 
uncontrollable irregularities inherent in altitude fluctua- 
tions, barometer changes, and the like. However, the 
existence of a definite increase, which is absent at 25,000 
feet, is considered established for 30,000 feet. It finds a 
ready explanation (and, indeed, as regards order of mag- 
nitude) in the phenomenon pointed out by Kupferberg 
and having to do with the variation of the altitude of 
mesotron production with latitude. The observations were 
made by Peter A. Morris and David Seymour, and the 
analysis of the same was carried out by Stephen H. Forbes, 
all under the general direction of the senior author. 


* Supported by the Office of Naval Research, the Army Air Forces 
and the National Geographic Society. 7 


Q10. Influence on the Cosmic-Ray Spectrum of Five 
Heavenly Bodies.* T. J. B. SHANLEY, E. O. Kang, J. A. 
WHEELER, Princeton University.—The low energy cut-off 
in the primary spectrum can be ascribed to a magnetic 
field of the sun. Primaries coming from infinity with 
(2.32 X sun) B V <(cp/e)<[(1+ v2)? x 2.32 X Moun IBV can 
reach the earth within a restricted cone of directions al- 
lowed by the sun’s field, about which the rotation of the 
earth’s allowed cone leads us to expect a diurnal variation 
substantially greater than is actually observed. We have 
investigated an explanation for this inconsistency first 
suggested by Alfven that the earth’s field scatters sufficient 
particles into bounded orbits in the sun’s field to make the 
intensity outside the sun’s allowed cone substantial. We 
determine an approximate scattering cross section for the 
earth’s field and obtain absorption cross sections for the 
moon, sun, Venus, and Mars. Solution of the equilibrium 
equation yields an analytical expression for the relative 
intensity outside the sun’s allowed cone. To simplify the 
calculations we assumed (1) a sun’s field constant in time, 
and (2) a negligible effect from the magnetic moments of 
the moon and planets. Our results indicate a mean trapping 
time approximately 5000 years, and a small diurnal varia- 
tion consistent with present scanty observations. 


* Supported by Joint Program of Office of Naval Research and 
Atomic Energy Commission. 


Q1l. Detection of Cosmic-Ray Particles by Scintillation 
Counters.* GEORGE T. REYNOLDS, Princeton University.— 
Penetrating cosmic-ray particles have been detected by 
means of a scintillation counter consisting of polycrystalline 
sodium iodide.! The efficiency of the counter appears to 
be very high and may be limited only by the geometry of 
the available crystals. The shape of the pulses is limited in 


the present experiment by the characteristics of the ampli- 
fier, in this case yielding a rise time of 0.2 usec. and a decay 
time of 5 usec. In measuring the efficiency of the scintilla- 
tion counter, the area occupied by the crystal is defined by 


a conventional Geiger counter telescope under 8 inches of 


lead. A coincidence in the telescope is made to sweep an 
oscilloscope. The signal from the crystal is amplified and 
delayed and put on the vertical plates of the oscilloscope. 
Experiments are also described in which two scintillation 
counters take the place of the Geiger counters. The pulse 
from one of these crystal counters is photographed on the 
sweep resulting from a coincidence between the two crystal 
counters. 


* Supported by the Joint Program of Office of Naval Research and 
Atomic Energy Commission. 
1R. Hofstadter, Phys. Rev. 74, 100 (1948). 


Molecular Structure 


R1. Calculation of Molecular Force Constants. E. BR1GHT 
WILSON, JR., Harvard University —A method of successive 
approximations has been devised which enables the cal- 
culation of N force constants from N vibration frequencies 
of a molecule or set of molecules. A preliminary approxi- 
mate set of constants is inserted into the simultaneous 
equations which determine the amplitudes of vibration 
for a single fundamental mode of vibration of known fre- 
quency. One of these equations is set aside, and the re- 
maining equations are solved for the amplitudes. If these 
amplitudes are inserted into the equation which was set 
aside, a linear, approximate relation between the force 
constants results. One such relation can be obtained from 
each of the N frequencies, so from their solution N force 
constants can be calculated. These may be used as an 
improved starting point and the process repeated until 
the results converge. 


R2. Centrifugal Stretching in H.O and D,O. W. S. 
BeENneEpict, National Bureau of Standards——A_ general 
method has been developed for evaluating the effective 
reciprocal moments of inertia and centrifugal stretching 
coefficients of asymmetric-top molecules from empirical 
data (combination differences), and has been applied to 
various vibrational states of HO and D.O. The method is 
based on the properties of the sums of the various ele- 
ments of the symmetry-factored rotational energy matrices. 
The empirical data for the ground level of H:O are known 
very accurately; for this level quite precise values have 
been obtained for the 7 first-order centrifugal stretching 
coefficients (those involving terms in P*), as well as approxi- 
mate values for most of the second-order coefficients (in- 
volving terms in P*), The corresponding coefficients for 
upper vibrational levels of H2O and for levels of D2O are 
also obtained with fair accuracy. There is a marked de- 
pendence of the centrifugal stretching on the vibrational 
level; in particular, the coefficients involving rotation 
about the least axis of inertia increase very rapidly for 
higher values of the bending frequency v2. The empirical 
results show that second-order perturbation theory, while 
a useful first approximation, is inadequate to represent the 
rotational-vibrational interactions in the water molecule. 


R3. Infra-Red Emission Spectra of Molecules.* N. Gins- 
BURG, Syracuse University.—Spectra of various gases were 
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excited in a U-tube a.c. discharge tube at high current 
densities. Their emission in the infra-red was observed with 
a Perkin-Elmer spectrometer modified for this type of 
investigation. The wave-length of the observed emission 
bands (in microns) for the various gases is given in the 
following table: 


CO: 4.7 3.7 2.2 

N:0 4.8 1.9 

H2S 1.5 1.2 1.0 0.8 
NH; 4.9 1.2 

C:He 4.6 3.75 


Some of the emission bands can be correlated with funda- 
mental vibrational frequencies or their overtones. This is 
the case for the 4.7u- and 2.2u-band of COs, the 4.8u-band 
of N:O and the 4.9u-band of NH3. The emission region 
for H2S corresponds with some combination bands, »1+-3»3 
and 3y;+ 3, but this seems a rather improbable identifica- 
tion. Similarly, the bands for ethane appear in a region 
where combination bands have been observed in absorp- 
tion, but they are probably due to vibrations of fractions 
of the molecules dissociated by the discharge. 


* The work described in this paper was carried out under Contract 
W-33-038 AC 14726 with the Air Materiel Command of the Air Force. 


R4. Association Bands in the Ultraviolet Spectra of 
N-—H---O Bridged Polymers.* GLapys A. ANSLOW AND 
RutH C. SHEA, Smith College-——Continuous ultraviolet 
absorption bands appear between 230-260 my in the spec- 
tra of molecules which are associated through N—H---O 
bridges, such as the ami‘es, anilides, amino acids, and pep- 
tides. Absorption starts suddenly at frequencies which are 
mas; dependent, obeying a relation similar to that estab- 
lished for end absorption in carboxylic acid dimers, inter- 
preted as rupture of both the bond and the bridge. Typical 
spectra will be exhibited for aqueous or alcohol solutions 
at various concentrations with different degrees of associa- 
tion. Spectra of highly monomeric solutions exhibit a weak 
band with onset near 330 my, resulting from unbridged 
NH absorption. Some specimens show absorption near 
280 my. Interassociation is produced when heat-treated 
amide solutions are rapidly cooled in an ice bath. Slowly 
cooled solutions appear less closely associated. Strong inter- 
association bands appear in the spectra of the cyclic di- 
peptide, glycine anhydride, and of the Nylons formed from 
linear polyamides. 


* This work was supported by the Office of Naval Research. 
1 Gladys A. Anslow, Phys. Rev. 61, 547 (1942). 


RS. The Stark Spectrum and Dipole Moment of HNCS. 
C. I. BEARD AND B. P. DatLey.—The Stark effect on the 
rotational transition J = 1—J =2 of the slightly asymmetric 
rotor HNCS was measured using square wave modulation 
giving peak field values from 18 to 800 v/cm. The fre- 
quencies of the lines in the observed Stark spectrum were 
compared with differences in energy levels calculated for 
appropriate values of the field by the method of Golden 
and Wilson.! The experimental data are well fitted using a 
value of the dipole moment component along the axis of 
least moment of inertia of 1.72.05 Debye units. A first- 
order and a second-order Stark component were observed 
for each of the transitions 11,1; 0—>21,2;-1 and 11,0; 41—>21,1;0 
and two second-order components for the transition 
10,1;-1->20,2;~2. The “center of gravity” of the first-order 
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components of the former two transitions was found to 
shift in frequency by the amount predicted from the equa- 
tions of Golden and Wilson. In addition, two first-order 
Stark components from rotational transitions forbidden at 
zero field, namely, 11,1; 0—>21,1;0 and 11,0; 4:—>21,2;-1, were 
observed. The frequencies and Stark effects of these lines 
were found to be simply related to those of the allowed 
transitions having first-order components. 


1S, Golden and E. Bright Wilson, Jr., J. Chem. Phys. 16, 669 (1948). 


R6. O'” and S** in the Rotational Spectrum of OCS.* 
C. H. Townes anp W. Low, Columbia University.—A 
microwave spectroscope of the Stark modulation type 
has been attached to a recording ammeter so that a slow 
sweep and narrow band width can be used. This results in 
considerable reduction in noise, allowing detection in a 10- 
ft. wave guide of lines with absorption coefficients as small 
as 2X10-*® cm™, and thus making possible study of rota- 
tional lines of rare isotopes. Frequencies and relative in- 
tensities of the O''C"S® and O'8C#S%* J = 1-—+2 transitions 
were measured and the lines examined for hyperfine struc- 
ture with the absorption cell at —78°C to enhance in- 
tensities. Abundance and mass of O!” determined from 
these measurements agree very well with accepted values. 
The mass difference S**—S* obtained is 2.00055 +0.0003 or 
S*6 = 35.97834+0.0004. Measured abundance of S* is 
0.0136+0.0010 percent, rather than 0.016 percent given by 
Nier,! who discovered S**. No hyperfine structure was 
found, so that quadrupole coupling constants for both O!” 
and S* are less than 5 mc. This is a good indication that 
the spin of S** is zero, but does not allow a definite assign- 
ment of $ to the spin of O!” since its quadrupole coupling 
may be exvected to be small. 


* Work supported jointly by the Signal Corps and the Office of 


Naval Research. 
1A, O. Nier, Phys. Rev. 53, 282 (1938). 


R7. Stark Effects in OCS.* R. G. SHULMAN anp C. H. 
Townes, Columbia University—The dipole moments of 
OCS for several isotopic species and vibrational states 
have been determined from the Stark splitting of the 
J=1-— +2 transition.1 Three different wave guides were 
used to obtain the value of the O'&C"S® moment as 0.711 
+0.004 Debye units. The O'*C”S* and O!6C#38S® moments 
differ from this by less than 0.3 percent. The O'%C#S# 
molecule in the excited bending mode (vz=1) may be 
treated formally as a slightly asymmetric top which pro- 
duces a pair of lines. Measurement of Stark effect for these 
lines give a dipole moment 1.4 percent less than for the 
ground state, or 0.701 Debye. Upon introduction of a 
Stark voltage two weak lines appear on either side of 
doublet ve=1. With increasing voltage these lines move 
apart in frequency and increase in intensity, passing 
through a maximum intensity. They are explained as 
transitions involving the doublet levels which are for- 
bidden in zero field, but allowed upon the introduction of a 
perturbing field. Measured frequencies and intensities 
agree very well with theoretical calculations based on this 
explanation. 


* Work supported jointly by the Signal Corps and the Office of 
Naval Research. 

1Cf, M. W. P. Strandberg, T. Wentink, Jr., and R. L. Kyhl, M.LT. 
Research Laboratory of Electronics, Tech. Rpt. No. 59 (1948); T. W. 
Dakin, W. E. Good, and D. K. Coles, Phys. Rev. 70, 560 (1946). 

















R8. Stark Effect in Symmetric Top Molecules with 
Nuclear Quadrupole Coupling.* W. Low anp C. H. 
Townes, Columbia University.—Fano’s treatment! of the 
diatomic molecule is extended to symmetric molecules with 
nuclear quadrupole interaction so that molecular dipole 
moments may be measured by Stark effect. For a molecule 
with only one nuclear quadrupole interaction the weak 
field formula is AW= —p[EMK/J(J+1)][F-J/F(F+1)] 
plus second-order terms. The second-order terms have 
been obtained, but this weak field approximation is not 
useful for fields generally encountered in microwave 
spectroscopy. The intermediate field case requires solution 
of a secular determinant. Fortunately, for measurements 
of dipole moments the strongest and most widely split 
Stark component involves the maximum M. Fora J~>J+1 
transition and maximum WM, the linear term is accurate 
for the lower state in intermediate fields and the upper 
state requires solution only of a second-order secular 
equation. The strong field cases have also been solved for 
either one or two quadrupole moments in the same mole- 
cule. 


* Work supported jointly by the Signal Corps and the Office of 
Naval Research. 
1U. Fano, J. Research Nat. Bur. of Stand. 40, 215 (1948). 


R9. Torsion Vibrational States of CH;CF;.* B. P. 
DarLey, H. MINDEN, AND R. G. SHULMAN. (Introduced by 
C. H.Townes.)—The J=1-—>/=2 transition (first reported 
by Edgell and Roberts’) and the /=2—>/=3 transition have 
been observed for the symmetric rotor CH;CF:. Both 
transitions consisted of a series of three lines, about 40 mc 
apart, whose intensities decreased toward higher fre- 
quencies. All six lines exhibited the first- and second-order 
Stark effects characteristic of the symmetric top transi- 
tions. The similarity of the Stark splittings and the relative 
intensities of the Stark components for lines of the same 
series is explained if these transitions are due to excited 
vibrational states. From the relative intensities of the 
lines at 300°K and 195°K the separation of these vibra- 
tional levels was determined as 165 cm!+25 cm™. For 
this molecule only the torsional vibration could be of this 
order of magnitude. Assuming a hindering potential of 
the form V=(H/2)(1—cos3x), then? y cm123(C,C:H/C)?. 
The barrier height, H, therefore is 1470+ 470 cal./mole. 
The previous value from entropy measurements was 3450 
cal./mole,’ calculated assuming the same barrier shape. 

* Work supported jointly by the Signal Corps and Office of Naval 
“TW. Edgell and A. Roberts, J. Chem. Phys. 16, 1002 (1948). 

2J. S. Koehler =. D. M. Dennison, Phys. Rev. 57, 1006 (1940). 


3H. Russell, Jr.. D. R. V. Golding, and D. M. Yost, J. Am. Chem. 
Soc. 66, 16 (1944). 


R10. The Paschen-Back Effect in NH; and N.O Micro- 
wave Spectra.* C. K. JEN, Harvard University.—The 
Paschen-Back effect in the NH; inversion spectrum and 
the N“*N“O J=0-—+1 rotational spectrum has been studied 
with a variable magnetic field up to 10,000 oersteds. The 
results for N"*H; yield a molecular g factor, gmote, in good 
agreement with that deduced from the Zeeman effect.! 
Strong lines were observed wherever they obey the usual 
selection rules AM;=0, +1 and AM;=0. Much weaker 
lines were observed for the “forbidden” transitions, fol- 
lowing the selection rules: AM;=0, AM;=+1;AMy=+1, 
A4M,=¥2;and AM;s= +2, AM;= ¥ 1. The existence of the 
“forbidden” lines, whose intensities continuously diminish 
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with increasing field, indicates that the decoupling of 
nuclear spin and molecular rotation is not quite complete 
even in a field of 10,000 oersteds. Since the nuclear quad- 
rupole moment couplings in NO are known to be very 
small, the Paschen-Back effect should be readily achievable 
in these fields. The experimental results to be reported in 
this paper for N*N“O J=0-+1 transition seem to indicate 
that the coupling of the two N™ nuclear spins and the 
molecular rotation is almost completely broken at H 
= 10,000 oersteds. A slight asymmetry of the Paschen- 
Back pattern is ascribed to the dependence of the quad- 
rupole moment energy upon M,? instead of My. A com- 
parison of the theory with the observed pattern leads to 
a direct determination of the quadrupole moment coupling 
factors and the gmote for N*N“O. 

* This research is supported jointly by the Office of Naval Research 


and the Signal Corps 
1C. K. Jen, P tg Rev. 74, 1396 (1948). 


R11. Electron Diffraction by Gas Molecules—Results 
on the Structure of Ethyl Alcohol and Ethyl Mercaptan.— 
MARCEL ROUAULT AND GEORGES GALLAGHER, Université 
de Montréal.—An electron diffraction apparatus has been 
completed in this laboratory and a precise value of the 
wave-length of electron beam has been found by diffraction 
through a thin gold film. Diffraction on CCl, was done to 
insure accurate results. The structure of ethyl alcohol and 
ethyl mercaptan was determined by the visual method. 
For ethyl alcohol high contrast plates with varied exposure 
times were used to obtain results in better agreement with 
the theoretical curve for the first two maxima, and low 
contrast films were used for the other three maxima. If all 
the parameters in which there are hydrogen terms are 
included in the theoretical curve, the structure yields the 
following distances: C-—C=1.50A, C-—O=1.40A, C—H 
=1.08A. Angle CCO=109°28’. If the interaction between 
the hydrogen atoms grouped around the end carbon, and 
the oxygen atom, is neglected, it is found that, in order to 
obtain agreement between theoretical and experimental 
results, the angle CCO must be increased by appr 5 per- 
cent. The ethyl mercaptan yielded seven sharp maxima on 
low contrast film. The distances found were C—C=1.50A, 
C—S=1.80A. 


R12. On the Isomerization of Hydrocarbons by Elec- 
tron Impact. RIcHARD E. HoniG, Socony- Vacuum Research 
Laboratories.—Electron impact in the mass spectrometer 
produces abundantly “forbidden’’ ions from branched 
hydrocarbons, such as C:Hs* from i—C,Hio. Two possible 
modes of rearrangement suggest themselves: A: —C,Hiot 
isomerizes to n—C,Hiot, yielding C2Hst; B: t—C,Hiot 
dissociates to C2H,* which combines with a H to form 
C.H;*. Appearance potential data! favored mode A, yet 
mode B did not seem completely implausible. To obtain 
additional experimental evidence, the following molecules, 
tagged with 50 percent excess C™, were studied: 
(CH;:)2,CHC#Hs, CH;CH:2CH;C#Hs, and CH;CH.C*- 
H2CHs. The C2H;* ions from end-tagged i—C,Hio should 
yield a 25 percent C'* excess for mode A, or a 16.7 percent 
excess for mode B. The observed excess of 24-1 percent 
clearly favors mode A. A comparison of C2H;s* peak in- 
tensities from t—CyHio and m—C,Hio indicates that a 
considerable portion of the 1—C,Hio molecules isomerize 
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to n—C,Hio before dissociation. Smaller discrepancies be- 
tween predicted and observed excess values for CsH;*+ and 
CH;+* formed from end-tagged i—C,Hio may be due toa 
C8 shift from end to center position, or to differences in 
C#—C® and C"—C'* dissociation probabilities. Similar 
effects have been observed in the spectra of end- and center- 
tagged n—C,Hio. 


( 1 a4 P. Stevenson and J. A. Hipple, J. Am. Chem. Soc. 64, 1588 
1942). 


Spectra of Polymers 


S1. Band Emission Spectra of Polymers. Effects of 
Curing Time. Wm. W. A. JoHNsON, NATALIE S. JOHNSON 
AND DANIEL P. NorMAn, New England Spectrochemical 
Laboratories.—High polymers can be dissociated in a high 
current-density vacuum discharge to yield free radicals 
which radiate the characteristic band emission spectra of 
polyatomic radicals. We have found that the distribution 
and relative intensity of the spectra thus formed are a func- 
tion of the nature of the original polymers and of the 
processes which they have undergone. Details of the ap- 
paratus are described elsewhere.! In this paper we discuss 
the application of this technique to a study fo the varia- 
tions in polymers as a function of temperature and dura- 
tion of cure. Special study has been made of the poly- 
merization of melamine resins on cotton and of the poly- 
merization of unsupported phenolic resins. This new tech- 
nique offers a ready method for determining the degree of 
cure of an unknown sample and for the plant control of 
resins cure. 


1 Norman, Johnson, Johnson, American Dyestuff Reporter 37, No. 26 
(Dec. 27, 1948). ‘ 


S2. A Low Temperature Infra-Red Transmission Cell.! 
H. O. McMauon, R. M. HAINER, AND GILBERT W. KING, 
Arthur D. Little, Inc-—A low temperature, all metal, 
infra-red transmission cell has been constructed to obtain 
absorption spectra at liquid helium temperatures of ma- 
terials that are solid, liquid, or gas at room temperature. 
It is inserted in the light path of a Perkin-Elmer spec- 
trometer without any modification of optics. Previously de- 
scribed low temperature cells employ the technique of re- 
flection from a cold mirror, the data from which may in- 
volve important errors as a result of the change of re- 
flection near strong absorptions. The present apparatus 
employs a cylindrical sample cell, 25 cc in volume, which 
is tapered to conform to the converging light path and in 
which a sample can be mounted. The sample cell is sealed 
by silver chloride windows at each end, the window ma- 
terial itself serving as a vacuum-tight gasket. The cell is 
charged with helium gas and is connected to an external 
pressure gauge by means of a capillary tube. This cell 
passes through a container which can be filled with liquid 
helium or any other refrigerant. The cell and liquid helium 
container are surrounded by a very high vacuum and by a 
radiation shield which can be cooled independently to the 
temperature of liquid air (or of solid oxygen if desired). 
Radiation enters and leaves the evacuated space through 
rocksalt windows. The helium gas surrounding the sample 
effectively removes the absorbed radiation energy and 
indicates the temperature. 


1 This work was supported by a grant from the American Cancer 
Society. 
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S3. Infra-Red Absorption Spectra of Some Polymers at 
Liquid Helium Temperatures. GILBERT W. KiNG, H. O. 
McMan8on, AND R. M. Hainer, Arthur D. Litile, Inc.— 
Infra-red absorption spectra of rubber, polythene, poly- 
styrene, and polyvinyl chloride at 4°K have been ob- 
tained from 6 to 15y. Films were mounted in a cell de- 
scribed elsewhere, and were in contact with helium gas at 
a few cm Hg pressure, which effectively removes absorbed 
radiant energy, keeping the sample very close to 4°K. 
The cell was inserted in the light path of a Perkin-Elmer 
model 12B spectrograph without disturbing the optics, of 
which the resolution was determined by calculation and 
confirmed by observation of gaseous spectra. Surprisingly 
small changes were observed in the spectra upon cooling. 
Some bands became slightly narrower, and thus became 
better resolved. Others became wider. A shift of a wave 
number or two occurred in the position of some peaks. In 
no polymer did any band disappear nor did new ones arise. 
The absence of marked changes cannot be attributed to 
any obvious defect in experimental technique. The spectra 
of crystalline materials changed under identical conditions. 
Reexamination of some of the spectra with slits definitely 
narrower than the bands showed no change in envelope. 
The widening of some bands on cooling cannot be at- 
tributed to insufficient resolution. Comparison of these 
results with those obtained for crystalline materials seems 
to show that the vibrational frequencies suffer perturba- 
tions of the order of several wave numbers in the variety 
of surroundings in these non-crystalline materials. 


S4. The Infra-Red Absorption Spectrum of Cholesterol 
at Low Temperatures.' R. M. HAINER, GILBERT W. KING, 
AND H.O. McManon, Arthur D. Little, Inc.—The infra-red 
spectrum at 80°K and 4°K and intermediate points was 
obtained of cholesterol, as a representative of an important 
class of biological materials of great clinical importance. 
On theoretical grounds it was expected that such spectra 
should become sharper, thus improving their value as a 
means of analysis and identification, and supplying addi- 
tional information for the deduction of molecular structure. 
Thin samples of crystalline cholesterol triturated with 
mineral oil have been examined in a low temperature trans- 
mission cell in a Perkin-Elmer spectrometer in the region 6 
to 15y at 300°, 80°, 60° and 4°K. Relatively wide peaks 
at 300°K broke up into components at the low tempera- 
tures, and the general absorption between peaks became 
resolved into new ones. Particular attention was paid to 
the 12u region with a slit width of 2.2 cm. What appears 
in published data? as two absorption peaks at 800 and 840 
cm™, with these narrower slits, shows up as the two given 
peaks with additional unresolved shoulders at 812, 830, 
and 848 cm~. At low temperatures the same region di- 
vides into ten resolved peaks, at 798, 803*, 808, 814, 820, 
825, 830, 836, 844*, and 855 cm, the strongest peaks being 
starred. The width of these peaks at 80°K is of the order of 
magnitude of the slit width, and considerably higher re- 
solving power may be necessary to benefit from possible 
further changes on going to 4°K. 


1This work was supported by a grant from the American Cancer 
Society. The material was kindly supplied by Lewis L. Engel, Collis P. 
Huntington Memorial Hospital, Boston, Massachusetts. 
(sayy S. Baird, O’Bryan, Ogden, and Lee, J. Opt. Soc. Am. 37, 754 
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Theoretical Physics 


Tl. Quantum Electrodynamics. FREDERIK J. BELIN- 
FANTE, Purdue University.—Electromagnetic fields can be 
regarded as fields of neutral vector mesons with negligible 
mass. By a canonical transformation, similar to Fermi’s 
transformation in ordinary quantum electrodynamics, the 
Coulomb interaction is separated. In meson theory this 
does not eliminate the longitudinal meson field, but for 
vanishing meson mass the coupling between longitudinal 
mesons and matter disappears. In blackbody radiation, 
therefore, the longitudinal field is not in thermal equi- 
librium with the surrounding; also, any longitudinal mesons 
present would not be detected. Thus Planck’s radiation law 
is ensured. By ordinary perturbation methods or by 
Mgller’s method, one finds for vanishing meson mass 
Mgller’s matrix element for electron scattering and Breit’s 
expression for the electron interaction energy in atoms. The 
probability of emission of longitudinal quanta vanishes for 
vanishing meson mass. When the number of mesons is large 
and not exactly determined, the meson field acts for 
vanishing meson mass as a classical Maxwell field. Thus 
this meson field gives a complete description of electromag- 
netic phenomena, while the familiar difficulty with Lorentz’ 
condition is avoided. Use of perturbation methods without 
preceding Fermi transformation, though not justifiable, 
sometimes yields correct results—similarly, Schwinger’s 
method of canonical transformations. 


T2. A Covariant Hamiltonian Formulation of Field 
Theory and the Transformation to the Interaction Repre- 
sentation. NoRMAN M. KROLL, The Institute for Advanced 
Study.—The general Heisenberg-Pauli theory of field 
quantization can be written in manifestly covariant form 
by introducing a generalization of the Hamiltonian and the 
canonical momenta. Starting from a Lagrangian den- 
sity L(y», d~,/dx,), one defines canonical momenta 
w,p=n,0L/d[dy,/dxy] where ny is the normal to a space- 
like surface o at the point x,, and a Hamiltonian §= /,Hde, 
where the Hamiltonian density H is defined in terms of the 
energy momentum tensor as —mynyT yy. is to be regarded 
as a function of yp, rp, and the tangential derivatives of y». 
Quantization according to Einstein-Bose or Fermi-Dirac 
statistics is accomplished by the introduction of the 
analogs of the conventional commutation or anticom- 
mutation laws. The generalization of the canonical equa- 
tions which yields the correct equations of motion is then 
dy p/dn =59/5r,= —(1/4)[H, vp]; Irp/dn=—(8H/dy,) 
+kr,=—(1/h)[D, +> ]+ka,, where k is the mean curva- 
ture of the surface. Field variables transformed by a o- 
dependent unitary transformation satisfy equations of 
motion modified only by the replacement of § by 
$—-AS,(6U/sc)U—do. It follows that with He being the 
interaction free Hamiltonian density, a U satisfying 
5U/é0=(1/h)(H—H»)U decouples the equations of mo- 
tion, thus yielding the interaction representation for the 
field variables. 


T3. On the Interaction of Charged Spin O Particles 
with the Electromagnetic Field. A. Pais anp G, E. UHLEN- 
BECK, The Institute for Advanced Study.—The transition 
from the Schroedinger representation of a charged scalar 
field to its interaction representation in which arbitrary 
space-like surfaces replace the customary flat surface of 
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constant time yields the generalized Tomonaga-Schwinger 
equation, thc(5v/ic)= —n,n,T,,¥, where Ty, is the inter- 
action energy momentum tensor density and m, an arbitrary 
time-like vector. This equation has been proved to be 
integrable for the cases of spin 0, $, and 1. Physical state- 
ments derived from it should be properly covariant and 
gauge invariant and also independent of a particular choice 
of the n,. For the spin 0 case these three requirements have 
been verified to hold for: (a) the self-energy of the photon 
due to fluctuations of the charged scalar field; this energy 
can be considered to be zero by using methods much the 
same as those employed by Schwinger for the spin } case; 
(b) the polarization of the vacuum due to an extraneous 
current J,; the induced current is 57, = — (a/3m) log(1/-ve) 
*Ju— (a@/120rko?) TJ y+, w=1/137, y=1.781, Ko=in- 
verse Compton wave-length; the first term, identical with 
the corresponding Dirac term, diverges in the limit e+0 and 
constitutes a charge renormalization; (c) the self-energy of 
a charged scalar particle; this can be written as 2mimy+y, 
where y is the scalar field wave function operator, m the 
mechanical, and 5m the quadratically divergent electro- 
magnetic mass. This form shows that the self-energy can be 
interpreted as a mass correction. 


T4. An Alternative Subtraction Formalism for Quantum 
Electrodynamics. T. A. WELTON, University of Pennsyl- 
vania.—A convergent and consistent description of the 
interaction of electrons and photons can be developed by 
the procedure of modifying the usual equations of motion 
by the addition of two types of explicitly infinite subtrac- 
tion terms. One type subtracts the classical action of an 
electron on itself, while the other type nullifies the charge 
and current induced in the vacuum by an electromagnetic 
field. The resulting’equations of motion cannot be put into 
Hamiltonian form, but they do define an infinitesimal con- 
tact transformation whose generating function can be 
calculated to any desired order in the fine structure con- 
stant. This generating function can then be used in the 
same manner as the ordinary Hamiltonian. The resulting 
formalism has been applied to the case of two interacting 
scalar fields. The self-energy of a free particle is zero. The 
self-energy of a photon is finite and non-vanishing, but is 
unobservable, inasmuch as all levels of a given radiation 
oscillator are shifted equally. All reactive linear and non- 
linear corrections to the electrodynamics of the vacuum 
vanish identically, but their resistive concomitants are 
unchanged. The Lamb shift arises entirely from the simply 
calculated fluctuation in position and spin orientation of an 
electron. 


TS. The Theory of Positrons. R. P. FEYNMAN, Cornell 
University—In quantum mechanics, the probability that 
an electron initially at a point P; will arrive later at Ps is 
the square of a complex amplitude for this process. This 
amplitude can be represented as a sum of amplitudes, one 
for each available space-time path leading from P; to P:.* 
This holds relativistically, provided one includes among the 
available world lines—those which can reverse themselves 
in the time direction. A path proceeding from P; to some 
point P, at time ta, from there to Ps, time ¢,<ts, and then 
to Ps, represents the alternative that a pair is created at Ps, 
the electron proceeding to P:, while the positron proceeds 
to P, where it annihilates the electron arriving there from 
P,—paths for which time decreases as one proceeds along 
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the path represent positrons. If P; and P: lie at the same 
time, paths proceeding to the future from P; and turning 
back to P: give the probability that an electron at P; anda 
positron at P: will annihilate. The results agree with those 
of the theory of holes. The concept permits a considerable 
simplification of the analysis of problems in quantum 
electrodynamics. 


*R. P. Feynman, Rev. Mod. Phys. 20, 367 (1948). 


T6. The Approach to Equilibrium in Ehrenfest’s “Wind- 
Tree” Model. A. J. F. StEGERT, Northwestern University.— 
We define P(m, m2, -++mx/m, M2, +++nK;t) as the proba- 
bility that m; molecules move in direction 7 at time ¢, if m; 
moved in direction i at time zero (t=1, 2, ---K; mg, m 
=0,1,--:-N; 2: m=2in;=N). The ei a that a 
pair ”;, n_ changes to m;—1, +1 in a time element A¢ is 
assumed to be azin;At. The matrix @ is assumed to be inde- 
pendent of the numbers m; and symmetric (microscopic re- 
versibility) and its diagonal elements are defined by 
2: ax:=0. From the Smoluchowski equation we obtain a 
differential equation which yields for the generating func- 
tion the result 


nx; tT, us 


= Il, C(u expat), }"r, 


where u is a one-row matrix with components u;. Since the 
quadratic form with the matrix a can be written as 
—2ict axi(xz—x1)?, the largest eigenvalue is zero. The 
probabilities P(m, -++/m, «++; ¢) approach K-¥ N!/TII; n;! 
as t-» © if this eigenvalue is single. This is the case if there 
is for any pair k, m at least one sequence of nonvanishing 
elements akki, akiko, ++ *aknm of the matrix a. 


2/n1,nz... P(m, M2, °° -mx/m, Ne, °° 


T7. On Exact Solutions of the Dirac Equations. A. H. 
Taus, University of Illinois.—In a previous paper* it was 
shown that solutions of the classical relativistic equations 
of motion for a charged particle in the field of a plane wave 
may be obtained in terms of a Lorentz transformation de- 
termined by the tensor describing the field. In this paper it 
is first shown that when plane wave solutions of the Dirac 
equations for a free particle are transformed by this 
Lorentz transformation, the exact solutions to the Dirac 
equation for an electron in the field of a plane wave found 
by Volkow** and Sengupta*** are obtained. In the second 
part of the paper, necessary and sufficient conditions in the 
external field are obtained in order that this method for 
solving the Dirac equations be applicable. 

* A, H. Taub, Phys. Rev. 73, 786-798 (1948). 


** Volkow, Zeits. f. Physik 94, 25 (1935). 
*** Sengupta, Bull. Calcutta Math. Soc. 39, 147 (1947). 


T8. Relativistic Theory of Radiation Scattering. Otro 
HALPERN, University of Southern California, AND HARVEY 
HAt., Navy Department.—The assumed! equivalence of the 
two forms of the theory (negative energy states free or 
occupied) holds for processes like Compton effect or 
bremsstrahlung, but not for coherent scattering or inco- 
herent scattering by bound electrons. Matrix elements of 
transitions starting from occupied states of negative energy 
are not identical with matrix elements of transitions leading 
from bound states through intermediate unoccupied states 
of negative energy to final bound states. Judging by 
Waller’s' calculations, agreement with experiment in the 
case of medium-hard x-rays can only be achieved if the 
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negative energy states are unoccupied. We have calculated 
the coherent scattering of very hard radiation, obtaining 
for small angles the Thomson cross section with numerical 
factors differing for the two versions of the theory. The 
scattering by a bare nucleus? (or ion) has also been recalcu- 
lated; the previously neglected? influence of intermediate 
bound states turns out to be of decisive importance. 


P. A. M. Dirac, Proc. Roy. an, 126, 360 (1930); I. Waller, Zeits. f. 


Physik 61, 837 (1930). 
2N. Kemmer, Helv. Phys. Acta, 113 (1937); Achieser and Pomer- 


antschuk, Physik. Zeits. d. Sowjetunion 11, 478 (1937). 


T9. A New Approximation Method in Scattering Phase 
Calculations. H. EkstE1In, Armour Research Foundation.— 
The scattering of a particle by a center of force is described 
by a well-known three-dimensional integral equation in 
momentum space. This integral equation can be separated 
into one-dimensional integral equations which, in turn, can 
be reduced to purely real integral equations of the form 


gu(t)—2P f [ydy/(y*— het) eu(y)Kile, 9) = Kil, bo), 


where 
Kile, »)=[—m/ab xy VI [> Ve) usalre)Juya(ry)dr 


and where V(r) is the potential, P stands for the Cauchy 
principal value, and the other symbols have the usual 
meaning. The phases are then given by 


e?#1=[1 + in*kogi (ko) 1/[1 —ix*kogi (ko), 


and gi(ko) can be determined by iteration of the first 
equation. 


T10. An Approach to Perturbation Theory by the Varia- 
tion Iteration Method. \V. Koun, Harvard University.— 
In a perturbed Schroedinger equation one can regard the 
energy, E, as given and the parameter A, multiplying the 
perturbing potential v, as unknown eigenvalue. By means of 
the Green function G(x, x’)=2n(¢n(x)¢n(x’))/(E—En), 
where E,and ¢, are the unperturbed eigenvalues and states, 
one can iterate trial functions according to the scheme 
V(x) =S G(x, x’)v(x’ Wp_1(x’)dx’. Successive approxima- 
tions to \ are given by A?) = Jp_1*0p_1dx/S p_1*0p pdx 
and AG@t) = fy *upp_idx/S Yp*vp pdx. (On replacing the 
E in the Green function by the preceding approximation, 
except in the term =k, one can also solve directly for E in 
terms of 4.) For example, corresponding to second-order 
perturbation one obtains, when 144.40, 


Mu = 04/2 [1/(E—En)] |One|?. 


In contrast to ordinary perturbation theory, this method 
converges for any given value of EZ. While no more com- 
plicated, it has in preliminary tests yielded better results. 


T11. Interaction by Boundary Conditions. M. MosuHIn- 
Sky* AND E. P. WIGNER, Princeton University.—A system 
of two particles can be described in quantum mechanics by 
wave functions in eight-dimensional space. On a previous 
occasion, we attempted to introduce the equivalent of an 
interaction by postulating a singular behavior of the wave 
function at the coincidence of the two particles. At all other 
points in eight-dimensional space the wave function 
satisfies the two equations which are valid for the free 
particles. It has proved preferable to formulate the bound- 
ary condition in a form which is obviously relativistically 
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invariant, rather than to base the work on conservation 
theorems. Thus, for two Klein-Gordon particles of equal 
mass we can postulate that (x*—~y)(d/ax*—ad/ay")¢ 
+2¢=0 wherever the coordinates x*, y* of the particles 
coincide. We found in all cases which we investigated that 
the singular wave function was not square integrable. How- 
ever, our prescription yielded a unitary and symmetric col- 
lision matrix which even in relatively complicated cases, 
allowing, e.g., for the transmutation of the original pair of 
particles into a new pair, contained only very few arbitrary 
parameters. . 


* On leave from U.N.A. of Mexico. 


T12. Geodesic Postulate and Field Equations in General 
Relativity. A. SCHILD AND L. INFELD, University of Toronto. 
—About ten years ago it was discovered! that Einstein’s 
gravitational equations for empty space determine the 
motion of singularities of the field which represent mass 
particles; a first relativistic approximation for the equations 
of motion was obtained for quasistationary fields. The 
problem investigated here is the motion of a test particle; a 
natural approximation method presents itself, proceeding 
by powers of the mass. A solution gy»(x°, m) of Ryy=0 is 
assumed, such that gy»(x*, m) has a singularity of the type 
representing a mass particle along a world line L, but such 
that the “background field” g,,»(x°,0) is regular on L. 
Neglecting m? and higher powers throughout, it can be 
shown that L is a geodesic of the space with metric gy,(x?, 0). 
It is hoped that the calculations can be carried a step 
further and a term obtained in the equations of motion 
which represents a gravitational radiation reaction force 
proportional to m*. 


1A, Einstein, L. Infeld, and B. Hoffmann, Ann. Math. 39, 65 (1938); 
41, 455 (1940). 


Discharge in Gases; Microwave Apparatus 


V1. Excitation and Damping of Plasma Oscillations. 
D. Boum, Princeton University, AND E. P. Gross, Harvard 
University—The theory of oscillations of an unbounded 
plasma is extended to take into account the effects of col- 
lisions and special groups of particles having well defined 
ranges of velocities. It is found that as a result of collisions 
a wave tends to be damped in a time of the order of the 
mean time between collisions. If beams of sharply defined 
velocity or groups of particles far above mean thermal 
speeds are present, however, these produce a tendency 
toward instability so that small oscillations grow until 
limited by non-linear effects. It is found also that waves 
moving in the direction of decreasing plasma density show 
even stronger instability. In absence of plasma oscillations, 
any beam of well defined velocity tends to be scattered by 
the individual electrons, but when all the particles act in 
unison in the form of a plasma oscillation, the scattering can 
become much greater. Because of the instability of the 
plasma when special beams are present, the beams are 
scattered by the oscillations which they produce. It is sug- 
gested that this type of instability can explain the results 
of Langmuir. This type of instability may be responsible for 
radio noises received from the sun’s atmosphere and from 
interstellar space. . 


V2. Medium-Like Behavior and Theory of Plasma 
Oscillations. E. P. Gross, Harvard University AND 
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D. Boum, Princeton University.—A theory of oscillations of 
an unbounded plasma is developed, taking into account the 
effects of random thermal motions, but neglecting collisions. 
The first problem considered is that of finding the fre- 
quencies at which a plasma can undergo organized steady- 
state oscillations of small enough amplitude so that a linear 
approximation applies. The theory is then extended to 
describe the processes by which steady-state oscillations are 
set up. It is found that for a given wave-length a plasma can 
osciilate with arbitrary frequency, but that those fre- 
quencies not given by the steady-state dispersion relation 
describe motions in which, after some time, there is no 
contribution to macroscopic averages. In this way one can 
describe the manner in which the system develops organ- 
ized medium-like behavior. The treatment is applied to 
large steady-state oscillations for which the equations are 
non-linear. One obtains solutions in which particles close to 
the wave velocity are trapped in the trough of the potential, 
oscillating back and forth about a mean velocity equal to 
that of the wave. One can also obtain non-linear traveling 
pulse solutions in which a group of particles moving as a 
pulse creates a reaction on the surrounding charge, which 
traps the particles and holds them together. 


V3. Space-Charge Controlled Diffusion in Gaseous Dis- 
charges. T. HoLstEIn, Westinghouse Research Labora- 
tories.—Space-charge controlled diffusion of electrons and 
positive ions, of the type prevalent in d.c. positive columns 
and stationary microwave discharges, is usually analyzed in 
terms of Schottky’s ambipolar diffusion theory.’ In this 
theory the effect of space-charge fields is implicitly taken 
into account in the assumption of quasineutrality, i.e., the 
approximate equality of electron and ion densities. In the 
present paper, space-charge effects are treated explicitly by 
the use of Poisson’s equation, in conjunction with the 
mobility-diffusion expressions for electron and ion currents. 
It is found that, at.sufficiently high electron densities, the 
assumption of quasineutrality is valid except at the 
boundary, which is covered by a sheath of positive ions. 
For a plane parallel discharge region of width d, and for a 
ratio of electron to ion temperature, T,/T,>1, the sheath 
thickness, d,~d(rkT./8N.e*d?)!,where N, is the electron 
density at the center of the discharge region. The rate of 
electron diffusion to the boundary is larger than that pre- 
dicted by Schottky’s theory by a factor (¢/d—2d,)’. 


1 for example, L. B. Loeb, Fundamental Processes of Electrical 
Dishavess in Gane (John Wiley and Sons, Inc., New York, 1939), 
pp. 586-589, 594. 


V4. Estimation of Hg-Type Arc Spot Temperature. 
JeRoME RorustEIn, Evans Signal Laboratory, Belmar, 
New Jersey.—Various methods of estimating “‘tempera- 
ture” of Hg-type spots yield values from hundreds to 
thousands of degrees. This is not surprising because (a) 
spot conditions depart extremely from equilibrium, (b) 
different thermometers read differently for non-equilibrium 
conditions, (c) different estimates consider different ob- 
servable quantities as thermometric—e.g., radiation, evapo- 
ration rate, and pressure at spot, thus using different 
thermometers, essentially. A recent theory! considers the 
spot as a microvolume where energy of organized motion of 
incident ions is progressively degraded by collisions with 
cathode atoms, electrons acquiring sufficient energy to 
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surmount the surface barrier. Current density, considered 
thermionic and thermometric, gives high temperature 
estimates, or rather high electron temperatures, part of the 
atomic motion still being organized. Vapor pressure, rate of 
evaporation, and submerged thermocouples, responding to 
randomized atomic velocities some distance from the ionic 
pumping action at the spot, give low estimates. Tempera- 
ture in terms of average microvolume particle energy, 
random plus directed, and its radiation analog, optical 
pyrometry, yield high values. Pyrometric temperature de- 
pends on the filter used, the spectral distribution being 
entirely different from that of temperature radiation. The 
spectrum can be viewed as a perturbed recombination 
spectrum or as originating in transitions from excited 
electronic states of the liquid. 


1J. Rothstein, Phys. Rev. 73, 1214, 74, 228 (1948). 


V5. Microwave Gas Discharge Breakdown in Helium.* 
A. D. MacDonaLp AND SANBORN C. Brown.—Breakdown 
electric fields in low pressure helium at high frequencies 
have been theoretically predicted and experimentally 
verified. The energy distribution of electrons is derived 
from the Boltzmann transport equation, taking into ac- 
count all significant removal processes. The distribution 
function is expanded in spherical harmonics, and the re- 
sulting second-order linear differential equation is solved in 
terms of the confluent hypergeometric function. This dis- 
tribution function combined with kinetic theory formulas 
permits calculation of the ionization rate and the electron 
diffusion coefficient. From these the high frequency ioniza- 
tion coefficient is determined. Through the diffusion equa- 
tion this ionization coefficient is related to breakdown 
electric fields. Thus breakdown electric fields are predicted 
theoretically without using any gas discharge data other 
than experimental values of the excitation potential and 
collision cross section of helium. Breakdown electric fields 
are measured for helium in microwave cavities of various 
sizes with a large range of pressure. The theoretical electric 
fields, involving no adjustable parameters, are checked 
within the maximum experimental error of 6 percent. 


* This work has been pareegee s in part by the Si Corps, the Air 
Matériel Command, and O.N.R eae 


V6. Formative Time Lags in Spark Breakdown. L. H. 
FISHER AND B. BEDERSON, New York University.—Previous 
investigations of the formative time lag in spark breakdown 
have been carried out for the most part with an appreciable 
overvoltage. For the purpose of establishing a mechanism 
of sparking, experimental measurements of formative time 
lags in the neighborhood of the threshold are required. Ex- 
perimental work is now in progress to determine the 
formative time lag for breakdown in air as a function of 
pressure and gap length at threshold. It is expected that one 
can discover from such experiments at what region of pres- 
sure and gap length a transition occurs from the Townsend 
to the streamer mechanism. Experimental results will be 
presented with tentative interpretation. 


V7. Impulse Breakdown of Air in the 10-* Sec. Range.* 
R. FLETCHER, Massachusetts Institute of Technology.—The 
increased time resolution of the micro-oscillograph offers 
the possibility of recording the electric breakdown process 
to very short time intervals. A method has been developed 


for producing 10 to 30 kv impulses which rise to 8/10 of full 
value in 3X 107° sec. Recording these impulses requires a 
voltage divider with uniform response from 100 to 10,000 
mc/sec. No single divider has yet proven entirely satis- 
factory, but the information obtained from a combination 
of several indicates the successful elimination from the im- 
pulse of spurious oscillations which interfere with break- 
down measurements. Preliminary measurements have been 
made on the impulse breakdown of air at atmospheric pres- 
sure, using gaps along the center conductor of a transmis- 
sion line. The formative time lag of the atmospheric spark 
has been measured down to 6X10~" sec. for fields of 120 
kv/cm. There are indications that the formative lag itself 
is statistical for these shorter times. Sudden changes in the 
rate of rise of the current during breakdown require 
interpretation in terms of the spark mechanism. 


* This work was supported jointly by the Navy Department (Office 
of Naval Research), the Army Signal Corps, and the Army Air Forces 
(Air Matériel Command). 


V8. Pulsed Electron Beam for High Speed Photography.* 
L. B. SNoppy AND J. W. BEAMs, University of Virginia.—A 
400-megacycle reentrant cylindrical cavity oscillator is used 
for producing intense bursts of electrons lasting for the 
order of 10-8 sec. The cavity is pulsed with a 7C-22 twin 
triode oscillator and allowed to build up to maximum 
amplitude which gives an alternating potential of approxi- 
mately 1.2 Mev across the'space between the two reentrant 
arms or electrodes. A quenched vacuum spark is then 
produced by a transmission line arrangement on one of the 
electrodes.! This provides a copious supply of electrons 
which are accelerated across the space between the 
electrodes and emerge into the atmosphere through a thin 
window in the opposite electrode. The duration of the 
electron pulse depends upon the transmission line to the 
vacuum gap and the stored energy in the cavity. These 
short electron bursts have been used to make shadow 
photographs of rapidly moving objects such as a high speed 
mirror, ultracentrifuge, etc., as well as supersonic jets of 
CO: emerging into the air. 


* This work ¢ a out under contract with the Bureau of 


Ordnance, U. S. 
1L. B. Snoddy aa. W. Beams, Phys. Rev. 74, 126 (1948). 


V9. A Microwave Secondary Electron Multiplier. M. H. 
GREENBLATT,* University of Pennsylvania.**—The micro- 
wave secondary electron multiplier previously described! 
has been further investigated. Such a multiplier does not 
function satisfactorily as a linear photo-multiplier, and this 
fact has been qualitatively explained. This multiplier can be 
used as a detector of gamma-rays, in which case an electron 
ejected from the cavity wall by a gamma-ray can start an 
avalanche which heavily loads the cavity. External 
quenching in the form of a momentary decrease in power 
available to the cavity is employed. The pulses thus 
generated in a monitor loop are about 4 millivolts at the 
crystal rectifier and have a very short rise time (less than 
10-7 sec.). Characteristics of such gamma-ray counting will 
be described. The use of this type of multiplier as a 
microwave power stabilizer will also be discussed. 

* Now at the RCA Laboratories, Princeton, New Jersey. 

** This work was assisted by the Navy Bureau of Ships. 


1 Presented at the Washington meeting of the A.P.S., P May 1, 2.3, 
1947 (Paper C-7). 
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V10. A Microwave Electron Accelerator Using Two 
Resonant Cavities.* B. L. MILLER AND M. F. AMSTERDAM, 
Bartol Research Foundation.—Two cavities are powered by 
an HK7—10-cm magnetron to fields of the order of 150,000 
volts per cm. The spacing of the cavities and phase of 
oscillation are fixed for additive acceleration of an electron 
beam entering at 8000 volts. Penetrating x-rays, coming 
from the screen on which the accelerated electrons impinge, 
have been detected. About 1 Mev is expected with this 
system ; 2 Mev is planned by adding another cavity phased 
with a dielectric section in the main line. 


* Assisted by the Joint Program of the Office of Naval Research and 
the Atomic Energy Commission. 


V11. Untuned Cavity Microwave Spectroscope Using 
Bolometer Detectors.* I. R. WEINGARTEN AND G. E. 
KIMBALL, Columbia University—Lamb! has examined the 
possibility of obtaining microwave absorption data by 
measuring the decay time of pulsed radiation in an untuned 
cavity and shown that the principal objection to this 
method is the need for instantaneous space-averaging of the 
decaying energy. This difficulty has been overcome by 
using as detectors many long fine-wire bolometers con- 
nected in series and placed at random in the cavity. It is 
shown that exponential radiation transients can be meas- 
ured if the thermal time constant of the bolometers is 
several hundred times the radiation decay time constant. 
This technique has been applied to measure directly the 
“QO” of an untuned cavity and thus the loss of radiation 
through apertures. Lamb’s window formula has been 
verified using 10-, 20-, 35-, 50-, and 100-cm? openings, in 
cavities of 4.1 and 5.5 X 105-cm* value, and at wave-lengths 
of 1.05, 1.25 and 1.69 cm. It is also shown how a cavity’s 
steady-state energy density can be averaged using bolome- 
ters instead of the slower thermocouples used by Becker 
and Autler. The use of a small cell in a large cavity to 
measure the microwave absorption of strongly absorbing or 
reactive materials has also been investigated. 


* hig supported by the Signal Corps 
1W. E. Lamb, Jr., Phys. Rev. 70, 308 (1946). 


V12. Thermodynamics of a Thermomagnetic Generator. 
L. BRILLOUIN AND H. P. ISKENDERIAN, Harvard University 
and Federal Telecommunication Laboratory.—Proposals 
have been made (Edison, Tesla, Chilovsky) to use the 
properties of ferromagnetic substances near the Curie point 
for constructing thermomagnetic a.c. generators. Large flux 
variations could be induced in a coil and a.c. currents 
generated by heating above and cooling below the Curie 
point a ferromagnetic substance that is part of a magnetic 
circuit. A thermodynamical discussion shows that the 
efficiency should be about one-half of the efficiency of a 
Carnot cycle working between the same temperatures. A 
summary of these results will be presented along the lines 
of a paper recently published by the authors in Electrical 
Communications (25, 300 (1948)). 


Anomalous Fine Structure; Nuclear Moments; 
Nuclear Magnetic Resonance; Emulsions 
in Nuclear Physics 


W1. Anomalous Fine Structure in Singly Ionized 
Helium.*M1r1aM SKINNER AND W. E. Lams, JR., Columbia 
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University.—The displacement 2°S;— 2?P, in singly ionized 
helium has been determined to be 14,100-++300 mc/sec. The 
method is analogous to that employed for hydrogen,! except 
that no beam of metastable ions is formed. Instead, helium 
atoms are bombarded by electrons of several hundred volts 
energy. In something less than one percent of the ionizing 
collisions, the remaining atomic electron is excited to the 
metastable 2°S; state of the ion. When the bombardment 
region is illuminated with microwave radiation of the 
proper frequency, transitions to 2?P; are induced, and the 
ultraviolet photons emitted in the subsequent decay to the 
ground state 17S; are detected by a suitable photoelectric 
detector. Background effects due to metastable atoms and 
radiation from He J are reduced by the use of a collodion 
film filter. The shift predicted by Bethe? was about 13 times 
that for hydrogen. Using a recent value obtained for hydro- 
gen, the shift in helium should be about 13,800 mc/sec. in 
very good agreement with the observations considering the 
uncertainty in the theoretical factor 13. 


Na ee oe supgertet jointly by the Signal Corps and the Office of 
av: 
1W. E. Lamb and R. C. Retherford, + Rev. 72, 241 (1947). 
2H. A. Bethe, Phys. Rev. 72, 339 (194 7). 


W2. Shift of the 2?S; State in Hydrogen and Deuterium.* 
R. C. RETHERFORD AND W. E. Lamp, JR., Columbia Uni- 
versity.—In a previous communication,! the shift of the 
22S; state of hydrogen was given as approximately 1000 mc 
(0.033 cm=!). A new apparatus differing from the original 
one in details but not in principle has been built in order to 
improve the accuracy of the above result. The new appa- 
ratus provides greater intensity, a more homogeneous 
magnetic field, and a more accurate means of measuring the 
magnetic field. With these improvements, preliminary 
measurements of considerably increased accuracy have been 
made on both hydrogen and deuterium. In both cases the 
transitions observed were 27S}, m= -+4->2?P;, m= +4 and 
m= — 4, In the case of the latter transition for hydrogen the 
hyperfine structure is partially resolved, but not for 
deuterium because of the relatively smaller hyperfine 
splitting. There was no observable difference in the shift for 


_ hydrogen and deuterium, the average shift being 1062 mc 


in both cases with a tentative accuracy of +5 mc. Further 
improvements in accuracy of observations are expected, 
and certain small corrections remain to be made. 

* Work ~ son jointly by the Signal Corps and the Office of 


Naval Researc 
1W. E. Lamb and R. C. Retherford, Phys. Rev. 72, 241 (1947). 


W3. Nuclear Moments of B” and B". WALTER GoRDY 
AND HAROLD RING, Duke University,* and A. B. BurG, Uni- 
versity of Southern California.**—From microwave meas- 
urements on borine carbonyl the spin of B'° has been de- 
termined as 3 and that of B" as $. These evaluations with 
the nuclear g factors 0.598 and 1.791 previously determined 
by Millman, Kusch, and Rabi! yield 1.794 and 2.686, re- 
spectively, for the nuclear magnetic moments of B!° and 
B", The quadrupole coupling, eQ(d* V/d2*), in this molecule 
is 3.30 mc for B!° and 1.55 mc for B". From a consideration 
of the molecular structure of BHsCO, also determined in 
this study, 4? V//d2* is evaluated approximately as 0.6 x 10 
e.s.u. Thus the signs of the nuclear quadrupole moments of 





1326 


B’° and B" are positive, and their magnitudes are ~0.08 
10-24 cm? and ~0.04X 10-*4 cm?, respectively. 


* The work at this University was supported by a grant-in-aid from 


the Research Corporation. 
** The work at this University was supported through a contract 


with the Office of Naval Research. 
1S. Millman, P. Kusch, and I. I. Rabi, Phys. Rev. 56, 165 (1939). 


W4. Magnetic Resonance Frequencies for Several 
Nuclei.* F. Birrer, Massachusetts Institute of Technology.— 
The following ratios of magnetic resonance frequencies of 
the nuclei listed have been obtained, using two radio- 
frequency bridges operated at frequencies between 4 and 30 
megacycles, in magnetic fields between 1 and 15 kilogauss. 
None of these values is in contradiction with previous 
measurements. 


Nuclei compared Observed frequency ratio 


Be) Bt 033488 220.03 
10 u le jo! 
Buen 0.32085 +£0.02 
oa goes ae 
27 
oat 40481 +0.01 
wena 0.268056 4.0.02 
1 

meus AE 0.28391 20.02 
seBrét/, Ht 0.27003 0.03 
#Rb*/11Na® 0.36512 40.03 
#Rb* /:Ht 0.32718 £0.02 
ssCsl88/,L i? 0.33743 40.03% 


* This research has been omoereet in part by the Signal Corps, the 
Air Matériel Command, and O.N.R. 


W5. Fine Structure of the Proton Magnetic Resonance 
in CuSO,-5H.O. N. BLOEMBERGEN, Kamerlingh Onnes 
Laboratory, Leiden. (Introduced by J. H. Van Vleck).—The 
magnetic resonance of protons in ‘a single crystal of 
CuSO,-5H:0 has been observed at 30.5 Mc/sec. between 
300°K and 1°K. In spite of the large internal field from the 
Cut+ ions, the resonance line is only 14 oersted’ wide at 
room temperature. At 20°K the resonance is clearly split 
into several component lines. The pattern changes with the 
angle of the crystal axes and Ho, but for a given orientation 
the distance of each component from the undisplaced 
proton resonance occurring e.g., in paraffin, follows the 
same Curie-Weiss law as the static susceptibility. At 1.2°K 
the over-all splitting is over 400 oersted. The relaxation 
time 7; is shorter than 0.01 sec. at all temperatures; the 
width of each component is determined by the neighboring 
protons. The Cu** ions do not contribute to the width, asa 
consequence of the large exchange between them. But each 
Cu** spin has a larger Boltzmann probability to be parallel 
than antiparallel to the external field Ho. So the constant 
field at the position of each proton in the unit cell is shifted 
by an amount which depends on the relative positions of 
H- and Cu-atoms and increases with decreasing tempera- 
ture in the same way as the total static magnetization. 


W6. A Pulse Method for Nuclear Magnetic Resonance.* 
Henry C. Torrey, Rutgers University.—A new method for 
the observation of nuclear magnetic resonance has been 
developed with the following features. No applied modula- 
tion is used; radiofrequency power is applied in pulses; a 
modulation of the r-f voltage, produced by nuclear spin 
resonance, is detected and displayed on an oscilloscope. 
R-f power is often much larger than for conventional 
methods. The signal is larger because it is observed before 
saturation sets in. Noise is larger because of wider band- 
widths needed. Signal-to-noise is comparable to that of 
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conventional methods using narrow band amplifiers. Some 
advantages of the pulse method are: More rapid search for 
unknown resonances because of wider band-widths; direct 
measurement of spin-lattice relaxation time by observation 
of build-up between pulses; direct measurement (by 
damping of signal) of spin-spin relaxation time 7: even if 
the line width due to inhomogeneity is larger than that due 
to spin-spin relaxation. The last feature yields for glycerine 
at room temperature a preliminary value of 7;=1.1 107 
sec., agreeing with the theory of Bloembergen, e¢ ai.! 


* This work has been supported in part by the O.N.R. and the 
Atomic Energy Commission. 
- Bloembergen, E. M. Purcell, and R. V. Pound, Phys. Rev. 73, 


679 (1948). 


W7. A New Molecular Beam Magnetic Resonance 
Method. Norman F. Ramsey, Harvard University.— 
Calculations have been made of the molecular beam mag- 
netic resonance spectrum to be expected when the oscillating 
magnetic field is concentrated in two narrow regions at the 
beginning and end of the constant homogeneous magnetic 
field. These calculations show that such a distribution of 
the oscillating field intensity should produce narrower 
resonance minima both because of a theoretical reduction 
in half-value width to 0.6 times the conventional half-value 
width in a truly uniform magnetic field and because of the 
reduced dependence of the resonance width upon non- 
uniformities of the magnetic field. In the new method the 
magnetic field is effectively averaged over the path of the 
molecule. Since the averaging, however, is only along the 
path of each molecule, considerable uniformity must still be 
preserved over the beam height. Although secondary reso- 
nance minima are produced with the new method, these 
may be distinguished from the primary minimum due to the 
reduced intensities of the secondaries as a result of the 
velocity distribution of the molecules. A relative phase shift 
in the two oscillating fields by 90° produces a dispersion 
type curve whose steep slope at the Larmor frequency could 
be used to provide an even more precise means of 
measurement. 


W8. The Magnetic Moment of the Proton. H. Taus 
AND P. Kuscu, Columbia University —The molecular beam 
magnetic resonance method has been employed to measure, 
in the same magnetic field, the frequency corresponding toa 
reorientation of the proton in NaOH and the frequency 
corresponding to a transition between certain of the h-f.s. 
energy levels of the ground states of both the atoms Cs! 
and In™*: From these data are calculated the ratio of the g 
factor of the proton to the total electronic g factor with the 
result gz/gs(Cs'8%, 2Sy) = 15.1911 K 10-¢ and ga/gz(In™, *P}) 
= 45.6877 X 10-*. The magnetic resonance method has also 
been applied to the determination of the ratios of the total 
electronic gy’s of the alkali atoms, and it is found that the 
ga's of Li®, Li?, Na, and K*® are identical to within 1 part in 
40,000 while g,(Cs'**)/g;(Na)= 1.000134. From these re- 
sults and from gz(Na)/gs(In™*) =3(1.00243), it is found 
that ga/gs(Na)= 15.1923 X 10-4 (from In") and gz/gs(Na) 
= 15.1931 X 10-4 (from Cs"*), We take gz/gs(Na) = 15.1927 
X10-4+0.005 percent. The equivalence of the gy values of 
Li, Na, and K is interpreted to mean that for these atoms 
gs=gs, the electron spin gyromagnetic ratio. Using 
gs=2(1. 00116), and making a small diamagnetic correc- 
tion, it is found that gz = 30.4211 X 10-*=-0.005 percent and 
#a =15.2106X10-*+0.005 percent Bohr magnetons, in 
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which the assigned precision measure includes only the 
uncertainty in the ratio gy/gs(Na). 


W9. Direct Photometry on Tracks in the Photographic 
Emulsion.* PIERRE DEMERS AND ROGER MATHIEU, Uni- 
versité de Montréal.—Rate of energy loss E may be studied 
by grain counting, or by the transmission T=J/Jp of light 
through the track. Our installation measures directly T: 
Kohler lighting—objectiveX90, 1.3 n.a. apo—eyepiece 
12.5 comp.—tuning fork 500 c.p.s.—slit 0.11 to 10u at 
the object—931A photo-multiplier—well stabilized HT— 
a.c. amplifier 1000 c.p.s.—Oscilloscope X and Y axes. Y 
varies with J, displacement of the track on the slit moves X. 
On the screen the absorption curve gives I, Io, and W the 
width at half-reduction. Accuracy on J is near 1 percent. 
Typical results follow: in Cz Ilford: a-rays: T=0.54; 
protons: 0.75, range R 1 cm air; with a strong development 
heavy meson: 0.69+0.1, R 4.cm; light meson: 0.67+0.1R 4 
cm.! Formula II:? p. 0.8 (R 1 cm); a-rays 0.70; fission frag- 
ments 0.44 to 0.61, T=0.61—0.06 R with a 5 percent differ- 
ence at the beginning of heavy and light fragments in a 
pair confirming previous results.+4—W is 0.3 to 0.45u. 
—By this new method, objective measurements are pos- 
sible; 1) on fading of the latent image 2) to identify tracks 
of cosmic and other origin. 


* This work was rendered possible by a grant from the NRC, Canada. 
1P. Demers and “e Fichaud, ‘‘A meson meson process,”” Acfas 
meeting 1948 progr. p. 6 
2P. Demers, Can. J. Res. A25, 223-251 5 ae 
3 P, Demers, Phys. Rev. 70, 974-5 (1946 
4R. Sherr and R. Peterson, Rev. Sci. Inst. 18, 567-75 (1947). 


W10. A Photographic Emulsion Method of Measuring 
Relative Fission Cross Sections. Maurice M. SHAPIRO, 
Oak Ridge National Laboratory—A photographic plate 
method of measuring neutron fission cross sections, de- 
scribed by Borst and Floyd,! has been modified so as to 
obviate neutron flux measurements as well as corrections 
for detection efficiency. The sample under investigation is 
placed against an Eastman NTC photo-plate seisitive to 
fission fragments but insensitive to alpha-particles. A 
standard sample of known cross section is placed against 
another such plate. Then the two sample-photoplate pairs, 
in juxtaposition, are irradiated simultaneously in the same 
neutron flux. After development of the emulsions, fission- 
fragment tracks are counted microscopically over equiva- 
lent areas. The relative fission cross section is thus obtained. 
When the samples are both alpha-emitters or both beta- 
emitters of known half-lives, a relative determination of the 
quantity of each isotope suffices, thereby avoiding efficiency 
corrections in the assay. This method is especially appli- 
cable to rare substances, since only minute (microgram) 
quantities are required. Suitable modifications of this 
method lead to other applications, e.g., the assay of mix- 
tures of isotopes and the identification of suspected isotopic 
contaminants. 


1L. B. Borst and J. J. Floyd, Phys. Rev. 70, 107(A) (1946). 


W11. Sensitivity of Physically Developed Nuclear Emul- 
sion Tracks to Specific Ionization.* N. W. CurRTIs AND 
L. S. OsBorNE, Massachusetts Institute of Technology.—The 
physical development of a Ag-Br emulsion is dependent 
upon the volume density of latent image in the Ag-Br 
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grains, and, thus, could be more sensitive to the specific 
ionization of particles passing through a nuclear emulsion 
than chemical development. Ninety micron Kodak NTB 
plates, exposed to a shielded Ra-Be fast neutron source to 
give knock-on protons, were developed: (1) using Odell’s 
silver stock! at a dilution of 1 to 16, and (2) using D-19 
Kodak developer. Since physical development results in a 
spread of Ag grain sizes, the two tracks were compared by a 
light densitometer measurement on the negatives of photo- 
micrographs of these tracks. A plot of densitometer 
readings corrected for background versus specific ionization 
shows physical development to be more sensitive to specific 
ionization than chemical development over the track of a 
proton of 10 Mev, particularly at high specific ionization. In 
addition, densitometric measurements and grain counting 
for a chemically developed track were found to be 
equivalent. 

* Assisted by the Joint Program of the Office of Naval Research and 


the Atomic Energy Commission. 
1 Allan F. Odell, The New Photominiature, .New Series No. 2, Old 


; Series No. 207. 


Wi12. Grain Density in Nuclear Tracks. M. Brau, 
Columbia University.—Lattes, Occhialini, and Powell de- 
scribe by an empirical law the relationship between the 
energy of heavy particles and the number of grains in 
corresponding tracks in photographic emulsions. Con- 
sidering the importance of grain counts in tracks for the 
determination of particle mass, an attempt has been made 
to calculate this relationship assuming that the grain 
density is a function of the energy loss. In comparing the 
ionization phenomena in silver bromide grains with phe- 
nomena in highly ionized gaseous atmospheres or “strong 
electrolytes” the following equation has been deduced 
for the probability that a grain will be developed: 

=c(1—e)~*(dE/dR)}, where dE/dR is the energy loss of 
the particle in the emulsion. The agreement between ex- 
perimental data and calculated values and the meaning of 
the parameters b and c will be discussed. These parameters 
depend on the type of emulsion and condition of develop- 
ment. In connection with the above the grain density of 
beta-tracks in Eastman-Kodak emulsions will be discussed 
and development methods which give an increase in grain 
density described. 


W13. The Statistical Distribution of Arc-Chord Dif- 
ferences in Scattered Particle Tracks.* W. T. Scort, 
Brookhaven National Laboratory.—The difference between 
total arc length and chord for scattered particle tracks in 
photographic emulsions has been proposed as a- simple 
measure of the scattering.! We have calculated the dis- 
tribution of these differences, neglecting energy loss, in 
order to investigate the validity of such measurements. Use 
is made of a diffusion equation for the correlated proba- 
bility of arc-chord difference and net angular deflection as a 
function of track length. The result is a highly skewed 
curve, with the mean value about three times the most 
probable. The relative r.m.s. deviation ¢ is 0.89. Calculation 
has also been made of the distribution for the usual measure 
of scattering, involving the successive chord angles for N 
segments of track. For N=9, the distribution is nearly as 
broad as for the over-all arc-chord difference, but more 
symmetric; ¢ = 0.53. The skewness of the first curve may be 
reduced by a change of independent variable. Report will 
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also be made of the distribution of differences between arc 
length and the projected length of the track on its original 
direction. 


* Work done under the auspices of the Atomic Energy Commission, 
while the author was on summer leave from Smith College. 
1S. A. Goudsmit and W. T. Scott, Phys. Rev. 74, 1537 (1948). 


W14. Calibration of Photographic Emulsions for Low 
Energy Electrons.* L. CRANBERG** AND J. HALPERN, 
University of Pennsyluania.—Energy dependence of emul- 
sion sensitivity to electrons has been studied for three 
different emulsions in the range of exposures in which the 
density-exposure relation is linear. The energy range from 
5 to 45 kev was covered, using homogeneous electrons from 
an electron gun. Materials studied were no-screen x-ray 
film, Eastman Experimental Type K x-ray plates, and 
Ilford B-2 Nuclear Track Plates. All points of the energy 
spectrum were covered on a single plate or film sample to 
minimize the effect of variations in development. The re- 
sults obtained are expressed in the form of curves of density 
per unit charge per unit area as a function of energy and are 
reproducible within 10 percent. Above about 10 kev the 
x-ray emulsions are more sensitive than the B-2 plates; 
below 10 kev the nuclear track plate is more sensitive. In 
the range of energy explored the sensitivity of x-ray film 
varied by a factor of 105. For the Nuclear Track Plates the 
factor was 15. At 25 kev the number of electrons per square 
mm required to give a density of 0.1 above background for 
x-ray film, Type K plate and B-2 plate is 3.6, 9.0, and 
11X10‘, respectively. 


* Supported in part by a joint program of the A.E.C. and O.N.R. 
** A.E.C. Fellow. 


Cosmic Rays; Stars, Bursts and Showers 


X1. On the Star-Producing Radiation and the Absorp- 
tion of the Nucleonic Component. G. BERNARDINI, 
Columbia University.—It appears very reasonable to, as- 
sume that the stars (nuclear evaporations) in cosmic rays 
are mainly produced by the nucleonic component. Meas- 
urements taken under different materials demonstrate that 
the absorption law of the star-producing radiation is pro- 
portional to the geometrical cross section of the nucleus, 
but smaller by a factor of about 2.5. It is concluded, taking 
into account new results concerning hard showers, that the 
nucleonic component is absorbed with this law and some 
consequences of this fact are discussed. 


X2. Studies of Cosmic-Ray Phenomena in Nuclear Re- 
search Emulsions. ADAIR MORRISON AND Eric PICKup, 
National Research Council, Canada.—A number of events 
produced by cosmic rays in nuclear research emulsions will 
be shown, and statistical data on the frequency of different 
kinds of stars will be given. The methods used in searching 
the emulsions, in identifying tracks, and in photomicrog- 
raphy will be described briefly. Data on uniformity of 
loading as deduced from plates which have been exposed to 
a uniform flux of slow neutrons‘will be presented. 


X3. Some Cosmic Ray Events in Photographic Emul- 
sions. Eric Pickup AND ADAIR Morrison, National Re- 
search Council, Canada.—lIlford Nuclear Research emul- 
sions have been exposed to cosmic radiation in aircraft on 
transatlantic flights. Emulsions with different types of 
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loading were used, and meson events have been observed in 
plates loaded with boron, lithium and deuterium com- 
pounds. Such events include examples of p- and o-mesons 
entering the emulsions and a w-u-meson event and several 
instances of the ejection of mesons in cosmic stars. These 
mesons are ejected in stars with both few and many prongs, 
and there are one or two cases where the ejected meson 
appears to end in the emulsion without producing any 
observable disintegration. Occasionally, there is ejected 
also a heavier fragment which produces a small star; 
probably a case of direct nuclear collision. Also, in about 0.3 
percent of the stars, including all cosmic events with two 
prongs or more, Li® nuclei, which show the characteristic 
hammer track at the end of the range, are observed to be 
emitted. One such fragment occurs in a 24-prong star. 


X4. Lithium Borate-Loaded Emulsions as Neutron De- 
tectors. HERMAN YAGODA AND NATHAN Kaplan, National 
Institutes of Health—The advantages of the high cross 
section of the B!(n, He*)Li? and the distinctive tracks 
originating from the Li®(n, H*)He‘ reaction can be com- 
bined by loading nuclear type emulsions with solutions of 
lithium borate. The preparation, stability and development 
of these emulsions for the detection of slow neutrons will be 
described. The medium also records characteristic stars 
originating from fast neutron interactions with B" and B?° 
nuclei. Examples of B"(n, He*)Li® events recorded in 
lithium borate emulsions exposed to cosmic radiation at 
90,000 ft. elevation will be discussed. Evaluation of the 
energy from the ranges of the alpha-particle and the Li® 
fragment (hammer track) show presence of neutrons with 
energies of 50 Mev. 


X5. A Counter Controlled High Pressure Cloud Cham- 
ber. G. E. VALLEY AND J. A. VITALE, M. I. T.—A nine- 
inch cloud chamber will be described which operates at 
pressures up to 200 atmospheres. Built integrally with the 
cloud chamber is a magnet which produces a field of 8800 
gauss, uniform to +3 percent, for an expenditure of 43 k.w. 
The magnet coils can dissipate well in excess of 50 k.w. 
continuously. The cloud-chamber walls are relatively thin, 
and the instrument has been otherwise designed to facilitate 
its use in conjunction with Geiger counters. Stereoscopic 
photographs can be taken. The instrument is premmnetty 
mounted in a heavy trailer. 


X6. High Altitude High Pressure Cloud-Chamber Pic- 
tures. C. P. Leavitt, G. E. VALLEy, AND J. A. VITALE, 
M.I.T.—The instrument described in the previous abstract 
was operated at an altitude of 12,700 ft. (Mt. Evans, 
Colorado). Among the events recorded were twelve cases 
which can be identified, by range-scattering measurements, 
as mesons which stop in the gas (argon at 105 atmospheres). 
Of these, seven end in single-pronged “stars.” The star 
prongs have apparent ranges of from 0.06 to 0.36 g/cm’. 
There is considerable evidence that these mesons are locally 
produced. The remainder of the mesons simply end in the 
gas without producing any secondary particle, and it is not 
possible to state definitely whether they are locally pro- 
duced. Photographs of mesons and of other phenomena will 
be shown. 
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X7. Nuclear Explosions in Photographic Emulsions 
Produced by Primary Cosmic Rays.! M. F. Kapton, 
B. PETERS; AND H. L. Brant, University of Rochester —The 
size-frequency distribution and the energy spectrum of the 
fragments ejected in nuclear stars produced near the top of 
the atmosphere (95,000 feet~15 grams/cm?) has been 
studied. At this high altitude the majority of the stars are 
produced by cosmic-ray primaries. The number of stars 
with more than 4 prongs is equal to 1200 stars per cm’ and 
day for Ilford C: emulsions. The size-frequency distribution 
is markedly different from the one measured at mountain 
altitude, showing a much larger proportion of big stars. 
This is in agreement with the results of E. O. Salant, J. 
Hornbostel, E. M. Dollman.? The number of stars with 
more than N prongs is proportional to exp(—yN) with 
=0.26. Tracks of primary helium nuclei have been ob- 
served and followed through several plates of a stack of the 
new Eastman NTB emulsions up to ranges of 60 g/cm? of 
glass. Their contribution to the production of nuclear 
explosions at 95,000 ft. will be discussed. 


1 Assisted by the Joint Program of the O.N.R. and A.E.C. 
2E. O. Salant, J. Hornbostel, and E. M. Dollman, Phys. Rev. 74, 


694 (1948). 


X8. Theoretical Remarks on Nuclear Disruptions by 
Primary Cosmic Rays.* S. A. WouTHUYSEN, University of 
Rochester.—Recent investigation of primary cosmic rays, at 
95,000 feet, by means of photographic plates, indicates that 
a large percentage of the ‘primary processes,’’ to be ex- 
pected in the emulsion is accompanied by large stars 
(average prong-number for stars with more than 2 prongs 
about 6—see abstract X7). At cosmic ray energies, a 
nucleus should be transparent, if only elastic nucleon- 
nucleon scattering occurs. However, at high energies, 
mesons are produced, so that the nucleon-collisions are 
predominantly inelastic. This allows for greater momentum 
transfers to the target nucleon. Assuming that above 600 
Mev the collisions are completely inelastic, and elastic 
below, and taking for the inelastic cross-section a value 
derived from experiments on penetrating showers, a nuclear 
excitation curve was computed which shows preliminary 
agreement with the “‘number of stars versus prong number”’ 
curve up to prong:numbers ~15. The excitation by the 
simultaneously produced mesons was neglected as a first 
approximation. It seems likely that the larger stars (up to 
5 percent of the total) are not produced by protons, but 
possibly by a-particles. About 5 percent a-particles would 
not disagree with the experimental star-curve. 


* Assisted by the Joint Program of the Office of Naval Research and 
the Atomic Energy Commission. 


X9. Some Cloud Chamber Photographs Obtained with 
a High Pressure Cloud Chamber.—R. P. Suutt, G. R. 
HoKE, W. A. TuTTLeE, AND G. F. O’NEILL, Brookhaven 
National Laboratory.—In a high pressure cloud chamber 
described previously, approximately 1000 stereoscopic pic- 
tures have been obtained at sea level. A few events that 
may be of interest are to be discussed. The cloud chamber 
was filled with argon at a pressure of 140 atmospheres, and 
a magnetic field of 4000 gauss was applied. Several nega- 
tively charged mesons appeared to stop in the gas of the 
cloud chamber without another particle appearing, while a 
few positive mesons seemed to decay into electrons in 
accordance with now well-accepted experimental results of 


others. Furthermore, pictures of two small stars originating 
in the gas and containing twoand three prongs, respectively, 
were obtained. The prongs show an average range of 1 cm 
in the gas at high pressure. Finally, a star containing seven 
prongs originating at a point in the gas was photographed. 
The shortest of these tracks can be seen to end inside the 
cloud chamber. From the small amount of scattering and 
the large density of ionization, it can be identified as a 
proton with fair certainty. Its initial energy would amount 
to about 70 Mev. There is another proton of comparable 
energy. The remaining five tracks are also straight and only 
lightly ionized. One can estimate that the total energy in- 
volved in the star is at least of the order of 10° ev. In none 
of these cases is a particle visible that could have produced 
a star. We therefore assume that a fast neutron was re- 
sponsible for these nuclear collisions. 


* Research carried out at Brookhaven National Laboratory under 
the auspices of the Atomic Energy Commission. 


X10. Observations at Sea Level with a Self-Controlled 
Cloud Chamber.* MAartTIN J. COHEN, Princeton Uni- 
versity.—A self-controlled cloud chamber has been operated 
for a sensitive time of 150 hours. The preliminary results 
obtained demonstrate the advantages of this device in ex- 
periments involving cloud-chamber studies of heavily 
ionizing events. During this time 649 frames were exposed. 
The following heavily ionizing (ionization equivalent of a 
6-Mev alpha-particle or greater) events were observed at 
sea level. Six 2-pronged stars, one each of a 3-, 4-, and 7- 
branched star. Six hundred frames contained alpha par- 
ticles. Forty frames were blank, of which 15 were due to 
unknown causes. A 6-Mev alpha, or greater, is thus ob- 
tained about once every 15 minutes. In a series of 200 
frames taken with random expansion, only one sharp alpha- 
track was observed. Fifteen other frames had alpha-tracks 
in various states of diffusion. The cloud chamber is of con- 
ventional design using a rubber diaphragm. Dehydrated 
isoamyl alcohol and commercial tank argon (99.6 percent 
pure) form the gas mixture. Gum rubber, silk velvet, 
apiezon wax, glass and brass are exposed to this atmosphere. 
The oxygen and water given off by these materials cause 
the electron collection efficiency of the pulse ionization 
chamber component of the device to be reduced to about 
one-half in 5 days. The chamber is completely refilled about 
once a week. This procedure takes about one hour including 
slow expansion of the cloud chamber to clear it for observa- 
tion of tracks. 


* Assisted by the Joint Program of the Atomic Energy Commission 
and the Office of Naval Research. 


X11. Ionization Bursts as a Function of Chamber Area. 
C. G. MontcomErY AND D. D. Montcomery, Yale Uni- 
versity.*—Bursts of ionization were observed in cylindrical 
chambers of various sizes at Climax, Colorado, elevation 
11,500 ft. Bursts were recorded by two methods: (1) pulse 
amplifiers and counting circuits were employed for the 
small bursts whose rate of occurrence exceeded about 10 
per hour, (2) electrometer tubes actuating galvanometers 
with photographic recording for the large bursts of small 
frequency. In this way it was possible to measure bursts 
both larger and smaller than the ionization produced by 
alpha-particles from the chamber walls. The rates found 
covered a range of more than a factor of 10°. Observations 
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by the two methods with independent absolute calibrations 
agreed well. The chamber dimensions were approximately 
(diameter and length) 2 by 8 in., 3 by 10 in. and 4 by 
16 in. Bursts caused by extensive air showers should occur 
at the rate characteristic of the showers and have a magni- 
tude corresponding to the number of rays passing through 
the chamber and hence proportional to the area. Bursts of 
local origin, such as nuclear disintegrations or small 
showers, should occur at a rate proportional to the area 
of the chamber. It is thus possible to distinguish between 
the two mechanisms. Most of the small bursts appear to 
be of local origin, in agreement with our previous results. 


* Assisted by the Joint Program*of the Office of Naval Research and 
the Atomic Energy Commission. 


X12. Narrow Air Showers. JoHN Pao-NGO WEI, Yale 
University.*—The abnormal rise for small separations of 
the decoherence curve of cosmic-ray air showers as meas- 
ured by a pair of Geiger-counter telescopes has been 
interpreted by Alichanian et al.§ as a new kind of air 
shower which they call narrow showers. Data taken at 
sea level and at 1640 m and 3500 m above sea level are 
in agreement with this interpretation rather than the 
hypothesis that they are stars or cores of large air showers. 
The spread of large air showers increases with altitude but 
the opposite seems to be true for the narrow showers. 
These showers have very low particle densities and are 
hard. Absorption by matter is mass proportional. 


* Assisted by the Joint Program of the Office of Naval Research and 


the Atomic Energy Commission. 
§ Alichanian and Alexandrian, J. Phys. USSR 10, 296 (1946). 


X13. Cloud-Chamber Observations of Penetrating 
Showers in Lead at 3020 Meters.* W1LL1aAM B. FRETTER, 
University of California, Berkeley—A counter-controlled 
cloud chamber containing sixteen 4-inch thick lead plates 
has been operated at an altitude of 3020 meters to detect 
the production of penetrating particles in lead. 167 pene- 
trating showers were observed, 101 of which were “‘local’’ 
penetrating showers, the others being components of 
extensive electron showers. In the local showers, 25 suc- 
cessive events were observed. A mean free path for pro- 
duction of penetrating particles in lead can be calculated 
from observations of the distances between successive 
events and consideration of the probabilities of observation 
of different types of events. The mean free path as calcu- 
lated from the observations at 3020 meters was 81 g/cm? 
of lead. Multiplicities of production and angular distribu- 
tion of particles were also observed. The large number of 
penetrating showers observed as components of extensive 
electron showers indicates the importance of nuclear events 
in the large showers. Among the 2700 pictures taken of 
electron showers, 23 photographs were obtained which 
could be interpreted as showing production of penetrating 
particles in high energy electron showers. 


* Assisted by the Joint Program of the O.N.R. and A.E.C. 


Y1. Infra-Red Studies of Neoprene. M. B. HALt anp 
W. E. Mocue., duPont.—Infra-red absorption spectra of 
amorphous and crystalline Neoprene in the wave-length 
range 2-23 microns have been studied. Spectra of bromo- 
prene and other reference compounds, the dichroism of 
stretched samples, and the spectral changes accompanying 
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crystallization have been used to characterize the bands 
and to “assign” most of the strong bands to vibrations of 
more or less limited regions of the molecule. Spectral 
changes, some very pronounced, accompany crystallization 
of the polymer either in the unstretched state or following 
stretching. Perceptible spectral changes were found to 
occur for some twelve hours following stretching of 
Neoprene GN, a type which tends to crystallize slowly. 
These spectral changes, particularly the surprising appear- 
ance of strong absorption bands when the polymer crystal- 
lizes, are of interest because of their relation to order in 
the polymer and also because of their bearing on general 
infra-red applications, particularly quantitative analysis of 
polymer films. 


Y2. X-Ray Diffraction Studies on the Stretching and 
Relaxation of Polyethylene. ALEXANDER Brown, Carbide 
and Carbon Chemicals Corporation.—When polyethylene is 
stretched at 96°C, the orientation of the crystallites changes 
smoothly from a random configuration to a highly preferred 
one. This preferred orientation is ‘‘normal,”’ and has the 
long chain axes of the crystallites parallel to the stretching 
direction. However, when stretching is carried out at room 
temperature a different preferred orientation occurs at 
intermediate degrees of stretch. This preferred orientation 
is abnormal,” and in it the long chain axes of the crystal- 
lites are inclined at almost right angles (72°) to the 
stretching direction. As stretching proceeds past this 
intermediate extension range, the preferred orientation 
gradually changes to the “normal” one. This same “ab- 
normal” preferred orientation exists in the region of 
the ‘‘neck” in necked down polyethylene. When highly 
stretched polyethylene is relaxed by heating, the dis- 
orientation of the crystallites in the “normal” preferred 
orientation does not occur in a gradual and random manner. 
Instead of the preferred orientation remaining constant 
and the distribution about it merely becoming broader, 
the preferred orientation itself changes. 


Y3. Macromolecular Nomenclature. M. L. Huccins, 
Eastman Kodak Research Laboratory.—A report on nomen- 
clature in the field of macromolecules has been prepared 
by the National Research Council Committee on Macro- 
molecules for submission to the corresponding commission 
of the International Union of Chemistry. This report will 
be outlined, and parts related especially to high polymer 
physics will be presented in detail, with the object of 
evoking discussion, criticism, and suggestions for revision 
before final adoption. 


Y4. Equilibria in the Dyeing of Nylon with Acid Dyes. 
W. R. Remincton AnD E. K. Griappinc, duPont.— 
A mechanism for the acid-dyeing of wool, proposed by 
Gilbert and Rideal, postulates that (1) amino and carboxyl 
end groups ionize within the fiber to produce carboxylate 
ions (~COO-) and alkyl ammonium ions (—NH;*) and 
(2) dye uptake by the fiber consists of combination of 
dye anions with the —NH;* groups and hydrogen ions 
with the —COO- groups. Gilbert and Rideal’s equation 
has been modified to allow for the excess of carboxyl over 
amino end groups in Nylon and rearranged so that the 
data could be tested by means of a linear plot. The latter 
has permitted an estimate of the number of amino end 
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groups present in the fiber. Nylon staple was equilibrated 
with aqueous buffers of varying pH and dye concentration, 
and the distribution of dye between the fiber and the 
bath was determined. The data were found to be in accord 
with the suggested mechanism for both single dyes and 
mixtures of two dyes. Equilibrium constants were deter- 
mined with a probable error of 12 percent, and amino end 
groups were determined to within about 5 percent. The loss 
in tensile strength of Nylon dyed under excessively severe 
conditions was shown to be caused by hydrolysis of amide 
linkages, 


Y5. Pyrolysis of Hydrocarbon Polymers. S. L. Mapor- 
sky, S. StrAuS, DoroTtHy THOMPSON, AND LAuRA WIL- 
LIAMSON, National Bureau of Standards.—Samples (25-50 
mg) of hydrocarbon polymers, such as polystyrene, poly- 
isoprene, polyisobutene, polyethylene, polybutadiene, and 
GR-S, were pyrolyzed in a high vacuum at 350 to 450°C, 
in a specially designed apparatus. Pyrolysis resulted in a 
mixture of paraffins, monoolefins, diolefins, etc., varying 
in molecular weight from 16 to about 1000. The mixture 
was separated into a gaseous liquid intermediate and wax- 
like fractions. Mass spectrometer analysis of the gaseous 
fraction showed it to consist in all cases of a small amount 
of methane. Similar analysis of the liquid fraction gave a 
spectrum characteristic for each polymer investigated. 
This spectrum can be used to identify the polymer or to 
determine its purity. Because the mass spectrometer at 
the present stage of development is not capable of analyzing 
organic compounds over 100-150 molecular weight, the 
intermediate and wax-like fractions were not analyzed. 
A molecular weight determination, by the freezing point 
lowering method, of the wax-like fractions gave values 
varying from 264 in the case of polystyrene to 775 in the 
case of polybutadiene. 

1S. L. Madorsky and S. Straus. J. erg _ Bur. Stand. 40, 417 
9; see also, Ind. Eng. Chem. 40, 848 (19: 


L. Madorsky, S. Straus, Dorothy vison and Laura William- 
son. ye preparation for publication in J. Research Nat. Bur. Stand. 


Y6. Mass Spectrometric Study of Copolymer Pyrolyses. 
L. A. WALL, National Bureau of Standards.—When co- 
polymers are made from a monomer of the type CH2CHX 
or CH2CX, (A) and a monomer of the type CHXCHX or 
CH:CXCHCH, (B), the pyrolytic yield of monomer 4, 
(YAc), from a copolymer of any composition made at low 
conversion can be estimated from the relationship 


YAc= YA,(A/A +reB)[1+(B/2r4A) In(B/rsA +B) ], 


where YA, is the yield from the polymer of A alone, 
A and B are concentrations of monomers used in preparing 
the copolymer, ra is the ratio of rate constants for the 
propagation steps of A-type radicals in copolymerization, 
and rz is similarly defined. The chief assumptions involved 
are: (1) Equality of all bonds making up the chain in all 
sequences of A units and (2) side reactions dependent only 
on the nature of A. Pyrolyses of 0.001-gram samples of 
styrene-butadiene and styrene-isoprene copolymers were 
carried out in small tubes adapted to allow complete 
expansion of all volatile products into the mass spec- 
trometer. Plots of the mass 104 peak heights of monomeric 
styrene are in agreement with the above relationship. 


Y7. Dilatometric Studies of High Polymers I. Second- 
Order Transition Temperature. Harry J. KOLB AND 


1331 


EMMETTE F. Izarp, duPont.—By means of a density 
balance, the relationship between intrinsic viscosity and 
dilatometric properties is established for polyethylene 
terephthalate. The most pronounced property change 
associated with increasing intrinsic viscosity was observed 
to be the second-order transition temperature. The relation- 
ship between crystallinity and dilatometric properties is 
presented for 3 aromatic polyesters. In every case, in- 
creased crystallinity in the polymers is associated with 
higher second-order transition temperatures, larger transi- 
tion range, higher density, and lower volume coefficients 
of expansion. Second-order transition temperature, densi- 
ties at 0°C, and volume coefficients of expansion are 
presented for a number of polyesters and vinyl polymers to 
illustrate the effects of chemical structure as well as 
physical state on these dilatometric properties. Illustration 
of the effect of copolymerization on second-order transition 
temperatures is made with a copolyester system. 


Y8. Dilatometric Studies of High Polymers II. Crystalli- 
zation of Aromatic Polyesters. Harry J. KOLB AND 
EMMETTE F. I[zarp, duPont.—By means of both a density 
balance and gradient tube, experimental density data are 
obtained to illustrate the thermal crystallization behavior 
of 3 aromatic polyesters at temperatures from 90°C to 
150°C. The data are discussed with reference to both 
amount and rate of crystallization, and density curves are 
presented to show qualitative similarity between kinetics 
of polymer crystallization and the kinetics of chemical 
reactions. From the experimental data, a temperature, for 
convenience labeled the minimum crystallization tempera- 
ture, is described and is shown to be 30° to 50° above the 
second-order transition temperature for the polyesters. In 
addition to thermal crystallization, data are presented to 
show that immersion media may initiate crystallization 
below the minimum temperature associated with thermal 
crystallization of polymers. Liquids used as immersion 
media for polyethylene terephthalate were water, methyl 
alcohol, acetone, benzene, nitromethane, and nitric acid. 
The last four liquids initiate crystallization of the polymer 
at room temperature. 


Papers Not Classed Elsewhere 


Z1. A Theoretical Study of a Proposed High Intensity 
Molecular Beam Source. JERRY GREY AND ARTHUR 
KANTROWITZ, Cornell University.—In a standard molecular 
beam source the maximum attainable intensity in the 
collimated beam is limited first by the effusion rate through 
the first slit, which must be made sufficiently narrow to 
attain free molecule flow, and second by unfavorable geo- 
metrical factors encountered in selecting a collimated beam 
from random initial velocities. This paper will propose that 
the first slit be placed in the flow from a miniature high 
velocity nozzle coaxial with the final beam. The nozzle 
converts part (~} for a Mach number of 4 in the design 
for air to be presented) of the random translational and 
internal energy of the oven gas into directed mass motion. 
The mass motion provides an initial rough collimation 
which improves both the effusion rate and the geometrical 
factors, indicating a considerable possible beam intensifica- 
tion (by a factor of ~75 in the sample design). This 
proposed source requires the following: first, a greatly 








1332 


increased gas supply (~0.1 g/sec.), second, a condenser or 
pump (~1 HP) to maintain the nozzle flow, and, finally, 
the nozzle and a ‘‘streamlined’’ first slit. 


Z2. Formation of Metastable H Atoms by Electron 
Bombardment of H..* W. E. Lams, JR. AND R. C. RETHER- 
FORD, Columbia University—One would expect that H:2 
could be dissociated by electron bombardment into two H 
atoms, one in the ground state and one in the metastable 
state 225; This should be energetically possible at an 
energy 10.20+ Dp volts, where Do is the dissociation energy 
of the molecule. With the accepted value Do=4.478 volts, 
the threshold would be 14.68 volts. On the basis of the 
available potential energy curves for the excited electronic 
states of Hz and the Franck-Condon principle, one would 
expect the dissociation at this energy to be quite im- 
probable, and possibly to appear only when the bombard- 
ing energy were raised to reach one of the repulsive states 
giving fast metastable plus normal atoms. This would 
require at least 17 volts. Actually, using the apparatus 
designed for hydrogen fine structure observations, we have 
measured an excitation curve for the production of H (225}) 
with a threshold at 14.66+0.10 volts. The yield is quite 
comparable to that obtained using the atomic hydrogen 
oven, although the signal-background ratio is less favor- 
able. A similar “‘violation’’ of the Franck-Condon principle 
was found by Bleakney in 1930 in the formation of hydro- 
gen ions at 18.0+0.2 volts (expected threshold 13.60 
+4.48 = 18.08 volts). 


* Work supported jointly by the Signal Corps and the Office of 
Naval Research. 


Z3. Loss of Ions in Magnetic Analyzer as Affected by 
Initial Kinetic Energy. R. M. REESE AND J. A. HIPPLE, 
National Bureau of Standards.—In the conventional mag- 
netic analyzer there is no focusing in the direction of the 
magnetic field. Washburn and Berry! have pointed out 
that this causes a discrimination in addition to that at the 
source between the various ionic fragments arising from 
the dissociation of molecules by electron impact; for 
instance, CH;*+ formed from the butanes has sufficient 
initial kinetic energy that most of these ions that enter 
the analyzer do not pass through the-exit slit because they 
have drifted too far in the direction of the magnetic field 
at the usual values of the ion accelerating voltage. They 
have studied this effect, by measuring the increase in ion 
current as the accelerating voltage is increased. This effect 
may be studied in a different manner by using the elec- 
trodes in the analyzer of the mass spectrometer manu- 
factured by Consolidated Engineering Company to deflect 
the ions in the direction of the magnetic field. The curve 
for CH;*, as expected, has a very broad maximum com- 
pared with that for the parent ion C,Hiot. The experi- 
mentally determined peak shapes may be used as a measure 
of the kinetic energy of the fragments and general agree- 
ment with existing information on these energies is ob- 
tained. 


1H. W. Washburn and C. E. Berry, Phys. Rev. 70, 559(L) (1946). 


Z4. Double Charged Ion Spectra in Mass Spectra of 
Hydrocarbons. Frep L. Mouier, Evetyn G. BLoom, 
E. J. WELLS, Jr., J. H. LENGEL, AND C. EpwarpD WIsE, 
National Bureau of Standards.—We have made a compila- 
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tion of all doubly charged ions observed in the mass spectra 
of 148 hydrocarbons using an ionizing voltage of 70 volts. 
The compilation is based on mass spectra obtained with a 
Consolidated mass spectrometer and published in the 
API catalog of mass spectral data. In hydrocarbons with 
3, 4, or 5 carbon atoms, the most probable double ionization 
process involves the loss of all but two or three H atoms 
without breaking carbon bonds. Unsaturated molecules 
give larger doubly charged ion peaks than saturated 
molecules. Ions with an even number of H atoms tend to 
be more abundant than those with an odd number. In 
saturated hydrocarbons with six or more carbon atoms, 
double ionization with breaking of carbon bonds is most 
probable, but in benzenes and highly unsaturated molecules 
double ionization without loss of carbon atoms is probable. 
These heavier molecules show distinctive differences de- 
pending on molecular structure. The ratio of ion current at 
70 volts to that at 50 volts ionizing voltage is an indication 
of the appearance potential of the ion. It increases as the 
number of H atoms removed increases, and the results 
indicate that H atoms are removed in pairs to give He. 


Z5. Separation of Argon 36 by Thermal Diffusion. 
JAMEs O. BucHANAN,* Yale University.—The performance 
of a multistage metal thermal diffusion isotope separation 
unit has been investigated as specifically applied to the 
concentration of the light argon isotope of mass 36. The 
unit was a modified version of one used for the concentra- 
tion of carbon 13! with an additional hot wire glass wall 
column as the final stage. Since tank argon was used, a 
purification process was necessary to remove the nitrogen 
impurity. Discontinuous operation, with the first column 
acting as a scrubber, was maintained for 336 hours. The 
average rate of flow of gas.into the unit operating at atmos- 
pheric pressure was 188 cm* hr~!. At this time the separa- 
tion factor had reached 104 and the end volume (225 cm? 
effective) contained 27.9 percent argon 36. The perform- 
ance of the unit appeared to be in agreement with the 
theoretical expectations.? A stepwise increase in the con- 
centration with time® was evidence of an unbalance in the 
transport of the light isotope for the different columns. 

* Now at West Virginia University. 

1H. L. Schultz and W. W. Watson, Phys. Rev. 58, 1047 (1940). 


2R. C. Jones and W. H. Furry, Rev. Mod. Phys. 18, 151 (1946). 
3S. B. Welles, Phys. Rev. 69, 586 (1946). 


Z6. He* and the Origin of Terrestrial Helium. P. Morri- 
son AND D. B. BEARD, Cornell University.—A wholly 
radiogenic source for the earth’s helium has long been 
plausible on geochemical and astrophysical grounds. We 
have calculated the expected isotopic abundance ratio, 
R=atoms He*/atoms He‘, assuming radiogeneration of all 
present helium by specific nuclear processes. Other processes 
considered were negligible. For helium from various sources 
we obtain: 

(a) Atmospheric helium: R~10-*. Het‘ is released by 
rock weathering; He® is a product of cosmic-ray star 
processes in the upper fifth of the atmosphere. 

(b) Gas-well helium: R~2-10-*. He‘ is the decay 
product of Th and U in their general dilute distribution 
through igneous rock; He®, the delayed product of the 
reaction Li®(n, «)H*, with the neutron source just that 
provided by the (a, m) reactions of the natural alphas 
on the major rock constituents. 
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(c) Helium from radioactive minerals: R~10-8. Here 
R is much reduced from the similar case (b), because the 
heavy element content of these minerals lowers the 
(a, m) yield and introduces competing neutron capture 
processes. All these calculated ratios agree with the 
measured values of Aldrich and Nier.? 


We conclude: (1) all helium present is radiogenic; (2) the 
He rich gases of the SW United States must be due to 
unusual collection of gases from normal rock, not to 
special concentrations of radioactive elements. Other noble 
gases are now under study. 


1 Aldrich and Nier, Phys. Rev. 74, 1225(A) (1948) and private 
communication. 


Z7. Remarks on the Evolution of the Expanding Uni- 
verse.* R. A. ALPHER AND R. C. HERMAN, Applied Physics 
Laboratory, The Johns Hopkins University.—Recently, 
Gamow’ has discussed the problem of the evolution of the 
universe with particular reference to the formation of 
galaxies. We have reformulated this problem in order to 
avoid certain difficulties. The relativistic energy equation 
for the general non-static universe has been integrated and 
interpreted with the aid of knowledge of the physical 
conditions required by the neutron-capture theory of 
element formation.2 The time dependences of proper 
distance, matter density, radiation density, and tempera- 
ture are found. These relationships are employed according 
to a suggestion by Gamow! to determine the mean galactic 
diameter and mass as ~2X10* light years and ~4 X10’ 
sun masses, respectively. 

* This work was supported by the Navy Bureau of Ordnance. 


1G. Gamow, Phys. Rev. 70, 572 (1946); G. Gamow, Nature 62, 680 


(1948). 
2R. A. Alpher and R. C. Herman, Phys. Rev. 74, 1737 (1948). 


Z8. Ozonosphere Temperatures from Ground Stations. 
ARTHUR ADEL, Arizona State College.—A further applica- 
tion has been made of the author’s method for ascertaining 
ozonosphere temperatures from near-simultaneous observa- 
tions of atmospheric emission and absorption at 9.6 
microns.! The experiment, under the joint auspices of Air 
Materiel Command and the University of Michigan, was 
in force at Holloman Air Force Base at Alamogordo, New 
Mexico, from late March, 1948, until mid-July, 1948. 
Data collected during this period have yielded ozonosphere 
temperatures for some fifty days (sun as source) and several 
nights (moon as source). The temperatures for both day 
and night are found to lie chiefly within an interval extend- 
ing several degrees on each side of forty degrees below 
zero, centigrade. A discussion of the sensitivity of the 
method reveals that a one percent change in the absolute 
temperature of the ozonosphere corresponds to a six per- 
cent change in the radiation intensity of the layer at 9.6 
microns. This emphasizes the importance of the experi- 
ment, so far as the energy (weather) relationship between 
ozonosphere and troposphere is concerned, since it meas- 
ures the radiation intensity of the ozonosphere directly. 


1 Arthur Adel, Astrophys. J. 105, 406 (1947). 


Z9. On the Origin of Solar Radio Noise. ANDREW V. 
Haerr, Naval Research Laboratory.—The observed anoma- 
lous radio frequency radiations from the sun are associated 
with sun spot activity and are believed to be generated 
within intermingling streams of charged particles issuing 
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from active areas of the sun. Such streams have the 
property of greatly amplifying initial space-charge fluctua- 
tions over a range of frequencies determined by the density 
and velocity distribution of particles in the stream. The 
theory*? of generation of radio energy resulting from space- 
charge interaction between streams of charged particles is 
reviewed and applied to the solution of the solar radio 
noise problem. From estimates of average density and 
velocity distribution of solar particles, the frequency of 
the most intense radiation (30 to 60 megacycles) and the 
absolute value of radiation intensity at the surface of the 
earth (7 to 2)X10-*[watt/(cm*/cycle/s)] are computed 
and found to agree well with measurements. The most 
probable spectral distribution of the anomalous solar 
radiation is derived in the form 


E/Em=(d/dm)* exp[2(1— (A/Am)) J, 


where E,, is the maximum intensity corresponding to the 
wave-length Am. 

1 Andrew V. toe. “Space-charge wave amplification effects,” Phys. 
Rev. 74, i (1948 
2 Andrew Heed The Electron Wave ft Novel Method of 
Generation pa Amplification of Microwave Energy (Naval Research 
Laboratory Report No. R-3306, June 24, "4948). ro be published in 
the January issue of Proc. I.R. E. 


3 E. V. Appleton and J. S. Hey, “Solar radio noise," Phil. Mag. 37, 
73-84 (1946). 


Z10. Mechanisms of Charge Generation in Thunder- 
clouds.* SEVILLE CHAPMAN, Cornell Aeronautical Labora- 
tory.—Simpson’s breaking drop theory of thundercloud 
electrification based on the generation of 1.6X10-" cou- 
lomb per drop with negative electrification only in the air 
is quantitatively inadequate and yields a cloud of the 
wrong polarity. Wilson’s induction theory makes no use 
of the typical thundercloud updraft, and is quantitatively 
inadequate since insufficient ionization exists in the atmos- 
phere. New experiments on water drops breaking in air 
under conditions more closely resembling thundercloud 
conditions indicate approximately 2010-" coulomb of 
both positive and negative electrification appear in the 
air per broken drop. If this charge is separated by the 
Wilson mechanism, reasonable frequency of lightning 
flashes can be accounted for. Freely falling natural snow 
striking snow typically leaves the snow positively charged 
1107! coulomb per impacting flake, with negative charge 
in the air. Radiosondes modified to measure electric field 
show that the main thundercloud charge centers (positive 
above) are higher in elevation than the freezing isotherm.' 

* This work was done at Stanford University and was sponsored by 
the Office of Naval Research. 

1Com Workman, Reynolds, Holzer, and Pelsor, Bull. Am. Phys. 


pare 
Soc. 23, No. 7, 28 (1948); Physical Review 74, 709 (1948); and National 
Advisory Committee for Aeronautics Technical Note 864. 


Z11. Analog Computers for Functions of Many Vari- 
ables.* EUGENE W. PIKE AND THOMAS R. SILVERBERG, 
Raytheon Manufacturing Company.*—Practical devices 
analogous to cams, representing in the relationship of 
physical quantities arbitrary functions of five or more 
independent variables, can be designed systematically by 
expanding the given function into a sum of products of 
functions of the variables singly. The expansions used are 


(a) the analysis of variance form (given in statistical 
texts), 


F(x1, +++, Xn) = Fi(x1) ++ ++ +F n(%n) 


+ Fy2(x1, X2) ++ + - Fiza(x1, X2, %3) °° 
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and so on, plus a residual, after any stage, which is a least 
square, and 
(b) an obvious iterative procedure provides functions 
fi(x;), etc., in 


Fe +++, 5) = IL fi(xs)-+ Il gales) ++ ++ +Residual, 


such that the residual is a least square. The functions of 
single variables can be represented by cams or potenti- 
ometers; multiplication and addition use standard devices. 


* This work supported by the Air Materiel Command. 


Z12. A Theory of Equivalent Linearization for Non- 
Linear Oscillatory Systems with Large Non-Linearity. 
AvuTHOR UNKNOWN.—This paper introduces a method, 
based partially on existing non-linear theory and partially 
on experimental results, for transforming a non-linear 
oscillatory system into an equivalent linear one, regardless 
of the amount of non-linearity in the restoring force of the 
original system. Thusa system represented by the equation, 


m/(0?x/dt?) +-8(Ax/dt) +(x) =Po sinwt, 


in which the non-linearity is introduced in f(x), can now 
be represented by the equation, 


m(02x/d#) +8(dx/dt) +kex =Po sinwt, 


in which k,x represents an equivalent restoring force which 
can be utilized regardless of the amount of non-linearity 
in f(x). Existing methods of equivalent linearization require 
the original system to be quasilinear. 


Z13. On the Hydrogen Spectrum. GERTRUDE SCHWARZ- 
MANN.—Interpretation of emission and absorption of light 
quanta by the atoms as wave phenomena allow, on one 
hand, of selecting—as innermost hydrogen orbit described 
by the interacting satellite electron—the one wherein the 
electron spins twice per revolution in preference to the 
Mercurial one, and of introducing, on the other hand, the 
concept of the “satellite photons” revolving 137 times 
about the hydrogen nucleus while spinning once about 
their axis, or, rather, that of the “satellite light waves” 
revolving about the hydrogen nucleus in circular orbits 
with radii r the 860th part of their wave-lengths \. Among 
these orbits, those described by the shortest wave in each 
series of the hydrogen spectrum, their radii twice those of 
Bohr'’s original circular orbits, are simultaneous stationary 
orbits of satellite electron and “‘satellite photon” having 
equal kinetic energies. From the viewpoint of this and 
previously presented papers,* the existence of an absorption 
spectrum is prerequisite to, not a consequence of, the 
interaction between satellite electron and light, and the 
difference in scale between the two natural constants, 
2e*/c and 2h, originates in the ratio \/r. 


* A.P.R. 72, pp. 154, 536, 744; 73, pp. 1273, 1274. 
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Z14. Further Experimental Proofs of the Existence of 
Single Magnetic Poles. FELIx EHRENHAFT, University of 
Vienna.—The author stated in 1930, and repeatedly con- 
firmed by experiments later on, the fact that particles 
carrying single magnetic poles do exist.* P. A. M. Dirac 
advanced the idea of magnetic poles from a quantum- 
mechanical point of view in 1931 and completed this con- 
cept quite recently,** assuming that high energies are 
necessary for their separation. My experiments gave no 
evidence that high energies would be necessary for this 
purpose. E.g., J. A. Schedling*** repeated at my institute, 
by means of smallest magnetic field strengths, Oersted’s 
experiment using iron particles suspended in gases, having 
six degrees of freedom. These particles circulate clockwise 
and counterclockwise simultaneously around the wire, 
through which a constant electric current is flowing, 
reversing the direction of movements with the reversal of 
the current. Therefore, the particles carry an excess of 
magnetic charge, north or south. The magnetic charges 
measured amount to 10-8 to 10— m.st.u. Recently**** the 
author, R. F. K. Herzog, and co-workers found that radia- 
tion of RaE when exposed to the action of a longitudinal 
homogeneous magnetic field penetrates much thicker layers 
of aluminium than without a magnetic field. We are dealing 
in this case plausibly with particles of higher energies 
carrying single magnetic poles. 


* Comptes Rendus, 190, 263 (1930); Physik. Zeits. 31, 481 (1930); 
cf. Phys. Rev. 68, 105 (1945); 70, 114 (1946). J. Franklin Inst. 233, 235 
(1942); Comptes Rendus 225, 926 (1947). . 

** Proc. Roy. Soc. A133, 60 (1931); Phys. Rev. 74, 817 (1948). 

** Comptes Rendus 227, 470 (1948). 

**e% Comptes Rendus 626 (1948). 


Z15. On the Mechanism of Conductivity of Electricity 
According to Modern Physical Theories. OLEG Yap- 
oFF, Columbia University—The electromagnetic theory 
of Maxwell and the electronic theory of Lor- 
entz which supplemented the former one rendered 
great services to the physicists and permitted the explana- 
tion of a great number of phenomena, but they have their 
limitations and in due time met great difficulties. The 
author intends to show the physical character of electric 
current according to quantum theory and the theory of new 
wave mechanics. Introducing the idea of interactions, the 
author distinguishes two phases which are quite different 
and shows the existence of a definite value of the time 
necessary for the formation or suppression of current. The 
interaction of the electronic waves and of the atomic struc- 
ture of the conductor has been explained physically for 
normal conditions as well as for conditions of supercon- 
ductivity. The different aspect of the phenomenon is 
explained mathematically by borrowing from the theory 
of diffusion of a particle by an atom. The propagation of 
electronic waves (electric current) is presented under a 
new aspect. The cases of elastic and rigid shocks of elec- 
tronic waves’ electrons against the oscillating atoms of 
thermic waves are presented in accordance with this new 
theory. 
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SUPPLEMENTARY PROGRAMME 


SP1. On the Positive Excess of the Penetrating Com- 
ponent in Cosmic Rays. G. BERNARDINI, Columbia Uni- 
versity.*—Old and new results on the positive excess of the 
hard (mesonic) component demonstrate that the positive 
excess decreases when the energy of particles increases. 
This conclusion is discussed in connection with the pro- 
duction of mesons in high atmosphere. 


* To be given after Session X if the Chairman rules that time permits. 


SP2. The Application of Jacobians to Statistical Thermo- 
dynamics. Part I. The Explicit Calculation of Thermo- 
dynamic Functions. HARVEY EINBINDER, Colunibia Uni- 
versity.*—The Jacobian method developed by Shaw! for 
calculating thermodynamic derivatives is extended to 
provide a ready means for finding any partial second 
derivative in terms of two sets of reference derivatives 
based on the independent variables (V, 7) and (P, T), 
respectively. A simplified and enlarged table of second 
order Jacobians is given in terms of these reference sets. 
Methods are developed for explicitly obtaining the refer- 
ence Jacobians in the cases of greatest importance in 
statistical thermodynamics, i.e. from the Helmholtz func- 
tion, the internal energy, the partition function, and the 
caloric equation PV=sE. Thus, any first or second partial 
derivative can be found as an explicit function of (V, T). 
The reference J’s are given for the polyatomic ideal and 
van der Waals gases, black body radiation, the general 
(relativistic and non-relativistic) quantum, degenerate 
Bose-Einstein and Fermi-Dirac gases. Their great useful- 
ness is illustrated. Finally, the application of these methods 
in the development and evaluation of semi-empirical 
theories of thermodynamic systems, particularly liquids 
and gases, is noted. 


* To be given after Session T if the Chairman rules that time permits. 
1A. N. Shaw, Phil. Trans. Roy. Soc. A234, 299 (1935). 


SP3. The Application of Jacobians to Statistical Thermo- 
dynamics. Part II. The Theory of Thermodynamic Fluctua- 
tions. HARVEY EINBINDER, Columbia University.*—The 
work done by earlier investigators in the theory of thermo- 
dynamic fluctuations, inaugurated by Einstein and Smo- 
luchowski, is reviewed and clarified. The methods de- 
veloped in Part I find a ready application. With their aid 
a number of interesting and important relations between 
the second moments of different fluctuating thermodynamic 
variables are found. All the second moments and corre- 
lation coefficients of such variables have been expressed in 
terms of the reference Jacobians (cf. Part I), so that they 
can be calculated explicitly for any system whose reference 
J’s are known. The ease and generality of the method is 
illustrated using the ideal polyatomic gas. The thermo- 
dynamic fluctuations in degenerate systems is also treated 
with the aid of Jacobians. While the theory developed is 
limited to systems obeying classical statistics, its extension 
to quantum statistics is noted. 


* To be given after Session T if the Chairman rules that time permits. 


SP4. Effect of Tension upon the Electrical Resistivity 
of Metals and Alloys. G, C, Kuczynsk1, Sylvania Electric 


Products, Inc.*—The change of the electrical resistivity 
with elongation at constant temperature was investigated 
in the case of Cu, Ni, Al, Pt, Fe, Co, Mo, Ta, W, Sn, Bi, 
some Cu-Ni and Bi-Pb, Bi-Sn and Bi-Se alloys. It was 
found that with the exception of Bi, Ni and some of their 
alloys there is a small increase of resistivity with tension. 
Bi and Ni decrease their resistivity appreciably with 
elastic elongation although each for different reasons. 
Most of the results are explained by the simple free 
electron theory of metals. 


* To be given after Session O if the Chairman rules that time permits. 


SP5. The Properties at Very High Altitudes of Comsic 
Radiation at Large Zenith Angles, and Verification of a 
Consequence of Liouville’s Theorem.* Martin A. PoMER- 
ANTZ,** Bartol Research Foundation.—In a series of free 
balloon ascents, the altitude-dependence of the unidirec- 
tional cosmic-ray intensity at large zenith angles has been 
investigated with standard instruments of the type utilized 
previously! for observations in the vertical direction. Thus 
far, 11 flights with quadruple-coincidence counter trains 
inclined at 90° and 60° from the vertical, containing inter- 
posed absorbers up to 7.5 cm of Pb, have been conducted. 
Measurements at smaller zenith angles are still in progress. 

The important observations regarding the magnitude 
of the horizontal intensity obtained with telescopes con- 
taining no interposed absorber during the National Geo- 
graphic Society-AAF Stratosphere flights? have been con- 
firmed, and extended to higher altitudes. Intensity vs. 
altitude curves appear to converge at the “top of the 
atmosphere” toward the same primary intensity charac- 
teristic of the vertically-incident radiation. This provides 
direct experimental verification for the directional isotropy, 
formerly perforce assumed in analyses of the geomagnetic 
effects,? which had been predicted as a fundamental con- 
sequence of the applicability of Liouville’s theorem to this 
problem.? 


* Assisted by the Joint Program of the Office of Naval Research and 
the Atomic Energy Commission. : 

** To be given after Session Q if the Chairman rules that time permits. 

1M. A. Pomerantz, Phys. Rev. 75, in press. 

2 G. Lemaitre and M. S. Vallarta, Phys. Rev. 43, 87 (1933), W. F. G. 
Swann, Phys. Rev. 44, 224 (1933). 


SP6. Cathode Vapor, the Discontinuous Glow-Arc 
Transition, and Arc Stability. JEROME ROTHSTEIN, Evans 
Signal Laboratory.*—Experiments of Plesse and Hofert 
show that the discontinuous glow-arc transition (DGA) is 
facilitated by vapor in the cathode region, that normal 
evaporation is inadequate for supplying vapor where the 
cathode is its source, and that the probability of a DGA 
on superimposing a large current pulse on a glow increases 
with increasing pulse magnitude and rate of rise. This 
agrees with a recent suggested mechanism of cathode spot 
emission according to which ionic bombardment of the 
cathode spot creates a microvolume into which current. 
flows by ordinary conduction and from which it flows 
thermionically. Added vapor near the cathode means more 
ions (created by electron impact) to bombard the cathode, 
resulting in more electrons and sputtered or “evaporated” 
atoms from the cathode, hence still more vapor, etc., 
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culminating in arc microvolume conditions. Added energy 
input, e.g., by current pulses, acts similarly, but if in- 
sufficient in amount or supplied too slowly to overcome 
dissipating effects, e.g., heat conduction, a DGA is not 
obtained. Anomalies earlier reported, cold C & W arcs 
and arc instability with pure electrodes in pure rare gases 
also seem to be explained by the theory; cathode vapor 
liberated by chemical reaction or by surface bombardment 
facilitates a DGA or stabilizes an arc otherwise extinguish- 
ing for lack of it. 


* To be given after Session V if the Chairman rules that time permits. 


SP7. Cathode Vapor and Anchoring of the Cathode Spot. 
JEROME ROTHSTEIN, Evans Signal Laboratory.*—General 
features of the anchoring of the Hg cathode spot! receive a 
natural interpretation according to the author’s theory of 
arc spot emission. When anchored, the spot can be main- 
tained by virtue of the vapor blasted off the surface of 
the wet metal anchor by ion bombardment. Anchoring 
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being preferred to mobility would follow if the critical 
rate of energy input to maintain an arc spot is less for a 
surface layer than for bulk liquid. This seems likely as 
energy inter-change between spot microvolume and anchor 
would be governed by a kind of accommodation coefficient 
doubtless smaller than that governing energy transfer 
from spot to rest of liquid. Anchor erosion, akin to sputter- 
ing, would be expected to be less for the more refractory 
metals. Anchoring would be poor if surface not wet by Hg. 
Heating the anchor would tend to drive off the surface 
layer and free the spot. A junction well wet by a large 
current should permit a spot carrying a comparatively 
small current to wander over the wet surface. The slight 
tendency to anchor before the metal is wet may be ex- 
plained by reflection of spot vapor by the projecting anchor 
giving a slight increase in local vapor density. This type 
of anchoring would also occur with insulators. 


* To be given after Session V if the Chairman rules that time permits. 
1L. Tonks, Physics 6, 294 (1935); N. Warmolz, Physica 7, 209 (1940). 
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